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Hypotheses for the regulation of cell division and the "Division 
Protein" model, which oronoses that the division of Tetrahymena 
is controlled by the synthesis and assembly of a orotein required 
for nuclear division, are described. 9hysiological and ultrastructural 
evidence for this structure is described and a correlation with 
microtubules drawn. Evidence for a similar regulator in S.00mbe is 
presented and the suitability of the yeast as a system for the 
biochemical analysis of the division protein in comparison with 
the microtubule subunit protein, tubulin, proposed. 
Methods for the preparation of a yeast protein of similar 
molecular weight to brain tubulin, using techniques for the 
Durificatjon of the brain protein, are presented. 
Yeast soluble proteins did not bind 3 H labeilled coichicine 
or colcemid, or incorporate 3H tyrosine, as described' for brain 
tubulin. Thus the yeast tubulin-like protein could not be assayed 
by label binding techniques. 
In-vitro incubation of yeast soluble proteins, under conditions 
effective for the polymerisation of tubulin in brain cytoplasmic 
extracts, did not give rise to microtubule assembly. Electrophoretic 
analysis of fractions through a "re-assembly" cycle of yeast soluUle 
proteins indicates enrichment for a protein of molecular weight 
similar to that of brain tubulin which is also present after 
mixed polymerisation of yeast soluble proteins and brain microtubule 
protein. 
The preparation and characterisation of the yeast tubulin-like 
protein are discussed in comparison with tubulin from brain and 
other cells. The division protein model is re-examined in conjunction 
with information on brain tubulin polymerisation and a modified 
model presented. Studies on tubulin synthesis and amniount are 
- 	reviewed in comparison with this model. Other possible regulators 
of cell division are discussed together with possible methods for 
further biochemical investigation. 
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All cells derive from prexisting cells by ordered processes 
of growth and division. This gives rise to the increase in population 
of unicellular organisms and, in concert with the differentiation 
of subpopulations, to the development of complex multicellular 
organisms. There is a long histpry of morphological and physiological 
study of these processes and recently an increasing interest in 
the elucidation of the biochemical mechanisms of cell proliferation 
( Padilla et al. 1 974). A more thorough explanation of the biochemical 
bas's of regulated cell division and growth would be worthwhile, not 
only as an end in itself, but also in the further study of differentiation, 
regeneration and neoplastic growth. 
Studies of a variety of cell types have now been described, 
the basic sumption being that there are overall similarities in 
the mechanisms responsible for the control of doubling of cellular 
components between divisions and the partition of these at division. 
The sequence of growth and division is now regarded as the 
manifestation of cyclic cellular activity, represented as either an 
open pathway or closed cycle of events which lead a cell from its 
birth to division ( I4itchison 1 97 1 , 1974). The earlier simplicity 
of these schemes has been somewhat eclipsed by increasing knowledge 
of the processes involved. 
Most cell cycles are defined in relation to iiitosis or nuclear 
division which remains the apparent culmination of the activities in 
the interphase cell, as this process is readily visualised in both 
living and fixed material. At all levels of biological organisation 
mechanisms for the segregation of the genetic material are apparent. 
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These range in complexity from the separation of nucleoids by 
membrane growth in bacteria ( Jacob et al. 1963 ) through a 
series of increasingly complex forms of mitosis in higher cells 
(Kubai 1975) to the classical mitosis of higher eukaryotes ( Bajer 
and Mole-Bajer 1972). An examination of the mechanisms whereby the 
the cell assembles and employs these, often complex, structures 
involved in nuclear and cell division would offer some insight 
into both this central element of the cell cycle and to processes 
of temporal and spatial control at the cellular level. 
Two types of regulation of cell division are apparent. There 
is a primary, or switching, function which dictates whether or 
not a cell will participate in proliferative processes, best seen 
in differentiated or quiescent cells. This concept has been pursued 
by those working on higher eukaryotes (Smith and Martin 1973, 1971), 
notably in relation to Chalones (Houik and Hennings 1973, Bullough 
1974), cyclic nucleotides (Bannai and Sheppard 1974,   Froehlich 
and Rachrne]4er 1974), and cell fusion (Jonhson and Rao 1971, Rao 
et al. 197). In addition there appears to be a , secondary, 
regulating function related to the control of interdivision time. 
This element is best manifested in the relative constancy of the 
interdivision period of exponentially growing unicellular organisms, 
between succesive divisions of any one organism, and between 
individual organisms under the. same growth conditions. This regulator 
is also evident in the natural synchrony of multinucleate cells 
such as Physaruri (Schiebel 1973) and after virus induced fusion of 
mammalian cells (Johnson and Rao 1971). Consideration of these two 
controls as separate entities could be misleading in that they may 
both derive from the same basic mechanism, differing only in the 
expression of the underlying signal for different signal modulus 
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or frequency. Most of the current models for the control of division 
are, however, constructed on the basis of observations on exponentially 
growing cells where the primary switching function is either 
unexpressed or absent. 
Other cellular events in addition to those directly related 
to nuclear division undergo cell cycle related periodicities. DN 
and histones are synthesised periodically and periodic synthesis of 
some enzymes has been described (Mitchison 1971) ,  Extensive attempts 
to inte1ate these with mitosis and the construction of dependency 
and temporal sequences have been made (Mitchison 19714, Hartwell 
1974, Nurse 1975, Nurse et al. 1976). The concept of the cell cycle 
as a twocycle system has been proposed (Mitchison 1971); a growth 
cycle, wherein the periodic enzyme synthesis and metabolic events 
occur in a regulated sequence, and a DNA/Division cycle comprising 
the events related to the replication and segregation of the genorne. 
Mitosis is considered as an event of this second cycle but it is 
obvious that some interlinkingof the two cycles is necessary and 
an ideal model for the regulation of nuclear division should also 
contain an element through which growth can be monitored. 
Models for the control of cell division. 
Although the most common consideration in the study of division 
controihas been the timing of nuclear division it must be emphasised 
that this regulation can also reflect the nuclear to cytoplasmic 
ratio of dividing cells. By interlinking the processes giving rise 
to increase in cell mass, growth cycle events, with the contro)f 
cell division, so the DNk/ceil mass ratio can be adjusted. These 
ideas have a long history, summarised and extended by Prescott 
(196) and this constancy of nuclear/cytoplasmic ratio has since been 
demonstrated for other organisms. There is evidence to suggest that 
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in Tetrahymena (Zeuthen 1974), Physarum (Brewer an Rusch 1968), 
and in S.pombe (Polanshek 1973, Nurse 1976), that the DNA / cytoplasm 
ratio will return to a steady state value after experimental 
perturbation. A relationship between cell size and the initiation 
of DNA synthesis has been described in bacteria (Donachie 1968" 
Donachie et al. 1973). 
The hypotheses for the control of cell division presented to 
date fall into two general classes, those dependent on the variation 
in concentration of some effector molecule ( Donachie 1968, Pritchard 
et al-1969, Ycas et al 1965), and those dependent on the assembly 
of some intracellular structure employed in the division process 
(Zeuthen and Williams 1969, Zeuthen and Rasmussen 1972, Sudbery and 
Grant 1975). A formal description of these models has been presented 
together with extensive theoretical consideration of the ability 
of the various scemes to control division (Fantes et al. 1975) 
The models have been tested experimentally by a variety of 
physiological perturbations of dividing cells; using heat shocks, 
U.V. irradiation, inhibitors of macromolecu.lar synthesis and conditional 
mutants (Zeuthen and Rasmussen 1972, Mitchison 197 1 , Sachsennaieret 
al. 1972, Sudbery and Grant 1975, Nurse 1975). Plasmodial fusion of 
Physarum (Brewer and Rusch 1968), and virus induced fusion of 
mammalian cells (Johnson and Rao 1971) have been used in attempts to 
assess the ability of the models to explain the effects of these 
perturbations on cell cycle events. There is, however, some difficulty -
in interpretation of these experiments since the predicted behaviour 
of the cell is frequently very similar for different hypotheses 
(Fantes et al. 1975, Sudbery and Grant 1975). 
The majoMty of the models are difficult to examine biochemically 
as no indication as to the nature of the effector species is 
:2. 
provided. In view of the increased/knowledge relating to the 
components of the mitotic apparatus and the specific nature of the 
structural models for the control of cell division a biochemical 
approach to the examination of this scheme is now possible. 
The division protein model. 
The central element of this scheme is that nuclear division 
is the result of the functioning of a structure, assembled from 
protein precursors synthesised in the cytoplasm. During the process 
of assembly the structure is extremely unstable, susceptible not 
only to direct effects from the gross perturbation of the cell, such 
as temperature and pressure shocks, but also to the supply of protein 
Precursors. Thus the interruption of the supply of subunit protein 
through the inhibition of protein synthesis or the effect of metabolic 
inhibitors leads to the complete collapse of the partially assembled 
complex. At or close to, nuclear division the structure becomes 
stabilised such that it is rendered refractory to these manipulations, 
and after completion of its role in the division process the 
structure is dismantled. 
This variation in stability is manifested in the response of 
cells to perturbation as a function of their age or position in 
the cell cycle. Cells at the beginning of the cycle, which have 
not commenced the assembly of the structure, and those at the end, 
where the structure has been stabilised or nuclear division has 
occured, exhibit a delay in cell cycle progression of the same 
length as the applied shock treatment (Figure 1.1). The response of 
cells which are at intermediate points in the cycle varies, the 
closer the cell to the point of structure stabilisation the more 
pronounced is the effect of any perturbation. This is seen as 









Cell cycle age. 
Figure 1.1 	Idealised excess delay curve. 
Delay in excess of applied perturbation increases with cell 
age from division to a transition point (TP) after which the cells 
become refractory to the effect of the shock 
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nuclear division, compared to an untreated control, above that 
of the shock treatment. Since all cells in the central portion 
of the cell cycle are returned to this initial stage of structure 
assembly as a result of such a perturbation the effect has also 
been termed "set-back". 
This age-dependent excess delay is the cause of the partial 
synchronisation of exponential cultures produced by a single shock 
treatment. Improved synchronisation can be achieved by the use 
of repeated shocks if the cells are allowed a recovery period 
between shocks so 'that those past the transition point of the 
excess delay curve (Figure 1.1) can complete the division process 
and enter the next cycle. This is the basis for the synchronisation 
of Tetrahymena . Exponentially growing cells are shifted from the 
normal growth temperature, 28 °C, to 340C for 30 minutes and then 
returned to the low temperature for the same length of time. Each 
such cycle of temperature change is referred to as a heat shock, 
the degree of synchronisation induced increases with the number of 
successive shocks applied and the routine procedure for this 
organism involve six or seven. 
At the end of the multiple shock regime the cells are released 
to grow at 28°C. The heat shocks block cell division but there is 
continued growth such that cells at the end of the treatment are 
two to three times the size of control cells. After the return to 
the low temperature there is no division for 90 minutes. Synchronous 
cell division then occurs in 5-90% of the population with successive 
peaks of division activity at less than the normal generation time 
of the organism. This increased division rate reduces the cell size 
to that of the control. A more detailed account of the experimental 
protocol used for Tetrna and extensive discussion of the 
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model has been presented in a series of reviews (Zeuthen and 
Williams 1969, Zeuthen and Rasmussen 1972, Zeuthen 1974) and 
by Mitchison (1971). 
Age-dependent excess delay, the underlying mechanism for the 
observed synchronisation of exponential populations of cells, has 
been observed in sea urchin eggs (Geilenkirchen 1964,1966), Physarum 
(Brewer and Rusch 1968), mammalian cells (Miyamoto et al 1973), 
and S.pombe ( Kramhoft and Zeuthen 1971, Polanshek 1973). From this 
it is argued, that the control of cell division by the assembly of 
a division structure as described for Tetrahymena is of general 
applicability (Mitchison 197 1 , Zeuthen1974). Partial synchronisation 
of exponential cultures of Tetrahymena after pulse treatments with 
amino acid, analogues (Zeuthen and Rasmussen 1972), hydrostatic 
pressure (Zimmerman 1969, Zimmerman and Lawrence 197), and 
'riercaptoethanol (Mazia and Zeuthen 1966) is proposed to arise 
through similar effects on the division protein structure. 
iJltrastructural evidence for the division protein model.. 
The central feature of the proposed model is the assembly of 
a structure which undergoes a transition in stability at nuclear 
division. In Tetrahymena the heat shock regime results in the 
synchronisation not only of macronuclear and cell division but also 
of oral morphogenesis. This last process has provided a concrete 
example of a structure whose behaviour correlates with that of the 
hypothetical division structure and has been used in the construction 
of the model (Zeuthen and Williams 1969). 
The oral apparatus comprises a set of •three ciliary derived 
membranelles, an undulating membrane of similar origin and a 
network of peflicular microtubules and microfilaments sited at the 
anterior margin of the cell. In the course of the cell cycle 
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Further evidence for the dissociation of the events of oral 
rnorphogenesis and cell division has been provided by the use of 
conditional mutants which continue to divide at the restrictive 
temperature while the development of the oral apparatus is blocked 
(Orias and Pollock 1 975).The oral, apparatus then provides an example 
of a structure like that of the division protein model but is not 
itself necessary for the division process. 
Structural elements have also been described in the macronucleus 
of Tetrahymena. Macronuclear division occurs by "Amitosis"; there 
are no distinct chromosomes ox mitotic spindle although a variable 
degree of chromatin condensation may occur. The nucleus elongates, 
becomes constricted in the mid region and is cut in two by some 
active process prior to the division of the cell. Ultrastructural 
studies on amitosis have been reviewed by Kubai (1975), Ris (1975), 
and Goode (1975), and information on micronuclear division by 
Elliot and Kennedy (1973). 
Microtubules observed in the macronucleus were associated with 
the nuclear membrane but could not be directly correlated with 
division activity since they were present at all stges of the cell 
cycle (Falk et al. 1968, Ito et al. 1968). An increase in orientation 
along the nuclear long axis has been observed for other strains and 
reports of increase in microtubule number in dividing nuclei have 
appeared (Tamura et al. 1969, Elliot and Kennedy 1973). There is 
general agreement that a pronounced change in the orientation of the 
microtubules of the Tetrahymena nucleus occurs. Those present in 
interphase cells were short and randomly oriented while those in 
dividing nuclei were found to be long, preferentially aligned in the 
nuclear long axis, and present as bundles associated with outpockets 
of the nuclear membrane. 
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The role of these microtubules in the nuclear division process 
is not completely clear. Their disruption by the antimitotic drug 
coichicine was claimed to have no effect on subsequent nuclear 
division (Tamura et al. 1969). Subsequent rexamination of this effect 
indicates that physical division of the macronucleus can occur after 
the disruption of the microtubules by colchicine but that this 
division was aberrant in that the elongated nucleus was cut in two 
by the advancing cytokinetic furrow rather than undergoing autonomous 
karyoldnesis (Williams and Williams 1976). 
The presently accepted role for the microtubules of the Tetrahymena 
iu.ck&- 
macronucleus is in the development or maintainence of the elongated/ 
form. It is argued that the highly endopolyploid nature of the 
organism allows for a less specific mechanism of genome segregation 
than can be permitted in more advanced cells or those of lower 
ploidy. Thus while there may be some degree of association between 
ch.romatin elements and the nuclear membrane, possibly through short 
microtubular connections, the random assortment of these elements 
by the stretching of the nucleus would ensure that each daughter 
cell received at least the minimum genetic complement (Kubai 1975, 
Williams and Williams 1976). 
The oral apparatus thus' provides a visible example of a 
structure whose behaviour fits with the proposed division structure 
and structures associated with division can be visualised in the 
nucleus of Tetrahymena. The common feature of these two structural 
species is their composition in whole or in part of microtubules 
and this offers at least a basis for the biochemical examination 
of the division structure by study of the synthesis and assembly 
of niicrotubule proteins in dividing cells and cells after heat shock 
synchronisation, 
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Biochemical studies of the division protein model. 
This background of physiological and ultrastructu.ral information 
has formed the basis of a number of attempts to characterise the 
division protein. Two distinct approaches have been used, firstly 
the fractionation of total soluble proteins of synchronised cell 
by a variety of standard techniques in the search for a species 
whose amount and rate of synthesis fluctuates in a manner similar 
to that proposed for the division protein. Secondly, the examination 
of specific proteins for cell cycle periodicities in amount and 
syntheâis in comparison with the predicted behavior of the hypothetical 
division protein. 
The former method has been applied to soluble proteins from 
heat synchronised Tetrahymena by Watanabe and Ikeda (1 96a and b) 
who reported periodic increases in the amount and rate of synthesis 
of one water-soluble component after fractionation on ion-exchange 
resin. This protein was found to decrease through the period of 
the heat shocks, to increase during the recovery period prior to 
division and to exhibit an increased rate of amino acid incorporation 
at this time. subsequently the same fraction was found to show an 
increased suiphydryl content in cells entering the division period 
(Ikeda and Watanabe 1965) and to behave as a single protein species 
on cellulose acetate electrophoresis (Watanabe et al. 1969). The 
fractionation procedure has been re-examined by Lowe-Jinde and 
Zimmerman (1967) for Tetrahymena after synchronisation by a pressure 
shock regime who found no reproducible variation in the elution 
profile for extracts prepared at successive points in the cell 
cycle (amplified in a review by Zimmerman 1969). 
Everhart ( 970) has examined a fraction from the soluble 
proteins of Tetrahyrnena prepared by precipita-tion at pH 4.5 
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described as "structural protein". This fraction contained 75% of 
the total cellular protein, 15% of the soluble proteins and was shown 
to increase in amount in the period after heat shock. The interpretation 
of these results is complicated by the extreme heterogeneity of the 
material and the rather large fraction of the cytoplasmic proteins 
involved. 
The alternative approach has been applied to the synthesis 
and intracellular localisation of of actin in Physarurn by Jockusch 
and co-workers (reviewed by Jockusch 1973). This has produced 
convincing evidence for the synthesis of nuclear actin in the 
phase of the cell cycle and the transport/f this protein into the 
nucleus prior to division (Jockusch et al. 1970, 1971). The results 
are compatible with the role of actin filaments in cell division 
(Schroeder 1973) but the interpretation is complicated by the 
-presence of an extensive microfilament network in this organism 
associated with cytoplasmic  streaming (1olfarth-Botterman 1 96t, 
Hinssen and D'Haesse 197:4). 
There is now a considerable body of evidence relating to the 
role of microtubules in the division processes of eukaryotic cells 
(see reviews by Bajer and Mole-Bajer 1973, Goode 1975, Kubai 1975, 
Ris 1975). The biochemistry of the major microtubule protein, 
Tubulin (Hohri 1968), and of microtubule assembly in-vitro (weisenberg 
1972) has recently entered a period of increasing activity and a 
large amount of new information has become available. As a result 
there has been a redirection of biochemical investigation of the 
protein components of the mitotic apparatus to the examination of 
tubulin. Measuerrnents of coichicine binding activity (Robbins and 
Shelanski 1969, Lawrence and Wheatley 1974) and of tubulin as purified 
protein (Forrest and Klevecz 1973, Klevecz and Forrest 1975) 
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have been performed but the interpretation of the results is 
complicated by the apparent multitude of functions performed' 
microtubules in higher cells and by the assay methods employed. 
These results are discussed further in chapter 8. 
Tubulin and the division protein model in S.pombe. 
It is proposed that the division protein model is of general 
applicability and there is evidence from physiological studies that 
a similar system may operate for the regulation of cell division 
in S.pombe. Pulses of cycloheximide induce partial synchronisation 
of exponential cultures and an age-dependent excess delay in 
synchronous cultures (Herring 197 1 ). These observations have been 
repeated and extended for heat shocks by Polanshek (1973) and further 
evidence provided by the application of pressure shocks (RG. Burns 
unpublished) and pulses of ether (Smith and Mitchison 1976). 
Zeuthen and coworkers have also synchronised S.pombe by a heat 
shock protocol derived from that used for Tetrahymena (Kramhoft and 
Zeuthen 1971, Zeuthen 1974). 
These results may be correlated with ultrastructural studies 
on the dividing yeast nucleus. Intranuclear microtubules have been 
described in S.cerevisiae (Robinow and Marak 1966, Moor 1967, 
Moens and Raport 1971, Raport 1971, Byers and Goetsch 1973, 197) 
and in S.pombe (McCully and Robinow 197 1 ). While there remains some 
doubt as to the mechanism of the nuclear division in yeast, the 
presence of microtuhulesis generally accepted (Kubai 197). 
Biochemical evidence for the presence of a tubulin-like 
protein in yeast has been presented by Haber et al. (1972) who 
described a colcemid binding species in the soluble proteins of 
S.cerevisae whose chromatographic properties were similar to the 
coichicine binding protein of mammalian brain (Weisenberg et al.1968). 
1)4. 
A protein of the same molecular weight as brain tubulin has been 
described in the soluble protein fraction from S.pombe (Burns 1973) 
which, like that from S.cerevisiae,did not bind colchicine. 
S.pombe provides a suitable system for the biochemical 
characterisation of the division protein as it is susceptible to 
the manipulations used in the heat shock protocol can be synchronised 
by a variety of other techniques (Mitchison 1970, Mitchison and 
Carter 1 97) and appears to contain a tubulin-like protein. This 
work relates to the attempted characterisation of the yeast tubulin-
like protein which was proposed to form the basis for the measurement 
of this protein through the cell cycle. 
This characterisation has been performed on the basis of 
comparison with tubulin from mammalian brain but as discussed in the 
following chapters it was found that the yeast protein was distinctly 
different and no suitable property to allow the measurement of 
the amount of S.pombe tubulin was found. 
is. 
Chapter 2. 
Materials and Methods. 
2.1 Organisms. 
The fission yeast Schizosaccharomyces pombe, strain 972h was 
originally obtained fromProf. U. Leupold. The strain is a heterothallic 
diploid. Cells grow in the long axis only and binary fission 
occurs through the growth of a median septum or "cell plate" 
(Mitchison 1970). 
The budding yeast Saccharomyces cerevisiae, strain S 41, was 
obtained from the collection of Dr I.W.Dawes. The strain is a 
homothallic diploid requiring arginine for growth. Cells reproduce 
by a process of budding. 
Stocks of both organisms were grown up on 2% Malt Extract 
Agar, stored at h ° c and subcultured at monthly intervals. 
2.2 Growth media. 
S.pombe was grown on defined minimal media derived from 
Edinburgh Minimal Medium (ltitchison 1970). with glucose as carbon 
source and ammonium sulphate as nitrogen source; the complete 
composition of 74iniial Medium as used here is given in Appendix 1. 
S. cerevisiae was grown on YEPD; 1% yeast extract, 2% bacto-
peptone, 2% glucose. 
2.3 Growth conditions. 
Small liquid precultures were maintained at 32 °c in Universal 
containers and subcultured, with normal sterile technique, for a 
maximum of three passages. Fresh cultures were inoculated from 
agar slopes every second week. Larger cultures were grown up from 
these precultures at the same temperature with constant stirring. 
Culture growth was monitored as Absorbance at 595nm against a 
calibration curve of cell numbers or by cell number determination 
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using a Coulter Counter, model B. 
2.4 Cell harvesting 
Cultures up to 5 litres in volume were harvested by filtration 
under vacuum through Whatrnan 50 paper discs, 15cm diameter, on a 
Millipore PVC filter support, model YYhO. Cultures of S.cerevisiae 
in YEPD were harvested by centrifugation in 250m1 bottles using an 
MSE )4L centrifuge (985 x g, 5 minutes) and washed by resuspension in 
buffer. The latter method was routinely employed for small volumes 
of dense cultures and permits rapid washing. of cells. 
Larger cultures, over 5 litres in volume, were harvested by a 
two step centrifugation procedure. The culture was first passed through 
an MSE continuous flow rotor (Mk 2) running at 9,000 rpm in an MSE 
16 centrifuge. Cells retained in the cavity of the rotor in a 
residual 1 5 0rnl of medium were resuspended and recovered by centrifugation 
in 2 x lOOml tubes in an MSE 4L (1,600 x g, 5 minutes). 
2.5 Cell breakage. 
a). Eaton press. Cells were resuspended in a minimal volume of 
buffer, approximately 5.0ral, and introduced into the press, 
precooled to -.LO° c in a dry-ice acetone bath, above a 1 .Oml plug 
of buffer. The frozen sample was overlayered with a similar 1 .Otnl 
plug and cell breakage achieved by means of a single passage at 
1,000psi using a manually-operated 20 ton hydraulic press (Eaton 1962). 
b), Frenchjpress. Cells were resuspended in buffer, up to 20ml, 
and introduced into the press, precooled to 40c. The piston was 
then inserted and the assembly inverted. The piston was run up to 
expel trapped air through the valve, the valve closed and cells broken 
by two passages at 1,00si using the 20 ton hydraulic press. 
c). Vibromixer. Cells were mixed with an equal volume of 40 mesh 
glass beads and a minimal volume of buffer added to yield a free 
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running suspension, -0rnl total volume. The sample was agitated 
using a Vibromixer, model E 1, supplied by Shandon Ltd. For samples 
of less than lOrnl a 2.0cm probe was used and the sample contained 
in an 80mJ. centrifuge tuba. Larger samples required the use of a 
.5cni diameter probe and the samples were contained in a 25 0ml 
disposable polythene beaker. Breakage was achieved within 20 minutes 
and samples were maintained at I 0C throughout. Glass beads were 
removed after addition of buffer to 2.Oml/gm wet weight of yeast 
using the apparatus shown in Figure 2,1. 
The protease inhibitor phenylmethyl suiphonyl fluoride (PMSF) 
was added to homogenates to 2uM final concentration and ribonucleaSe 
to 5ug per ml. 
2.6 Preparation of brain homogenates. 
Mouse brain, approx 5g, from four animals, was homogenised in 
a Teflon in glass hand-operated homogeniser. Larger volumes of 
pig brain, up to LiflOg wet weight, were homogenised using a domestic 
liquidiser. In both cases the tissue was suspended in 1 .OmJ.. buffer 
per gram wet weight. 
2,7 Preparation of soluble prinS. 
• The same centrifugation procdure was employed for both yeasts 
and mamnialian brain. Cell debris and large cytoplasmic organelles 
were removed from the crude homogenate by low speed centrifugation 
(20,000 x g, 30 minutes) and the supernatant from this step 
subjected tQ high speed centrifugation to remove ribosomes and 
nhicrosomes (10,000 x g, 2 hours). This high speed supernatant 
represents the soluble protein fraction. Yeast homogenates processed 
by this method yield a final supernatant with a layer of lipid 
material above the water soluole proteins. The aqueous phase was 
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Figure 2.1 
The upper chamber is formed from a section of perspex cylinder 
closed at the bottom by a stainless steel gauze (0.0mrn mesh, Grant 
Wire Works, Edinburgh) fixed with perspex cement. The lower chamber 
is formed from a 1 OOml polythene beaker with the pouring lip 
trimmed to fit the 250n1 bottle carrier of the MSE tL centrifuge. 
The sample is placed in the upper compartment and separated from the 
glass beads by centrifugatipn (300 x g, 2 minutes). 
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the lipid layer. 
2.8 Preparation of tubulin by a modification of the method of 
Weisenberg et al. (1968). 
Mammalian brain was homogenised at tL°C in 1 .Oml/gm wet weight 
of PIvIG buffer (10mM sodium phosphate, 10mM magnesium chloride, 
0.1mM guanosine triphosphate, pH 6.5). The soluble proteins were 
prepared as above [2.7] and loaded onto a 30 x 1.5cm column of 
DEkE cellulose equilibrated in Pi'3 buffer. The column was eluted 
under 50cm head with PI) buffer to remove non-binding proteins 
and tubulin eluted with a linear 0-1.0,14 NaCl gradient in PMG buffer. 
The column effluent was monitored at 280nm using an ISCO flow 
spectrophotometer and equal volume fractions collected on an LO  
Ijitrarac fraction collector. 
Yeast tubulin-like protein was prepared by the same method 
after cell breakage into P! buffer. 
2.9 Preparation of tuhu].in by the method of Eipper ( 1 97 2 ). 
Mammalian brain was homogenised at 40C in 1 .Oml/gm wet weight 
PP buffer (50mM sodium pyrophosphate, 2.5mM magnesium chloride, 
0.1mM guanosine triphosphate, pH 6.5). Soluble proteins were prepared 
as above [2.7] and adjusted to 30 ammonium sulphate by the addition 
of saturated ammonium sulphate (pH 6.51) . The sample was held at 
for 30 minutes to allow copleterecipitation and centrifuged 
(20,000 x g, 30 minutes) to remove the prec:i.pitate. The supernatant 
was adjusted to 50 ammonium sulphate and precipitation performed as 
before. This precipitate was collected by centrifugation (20,000 x g, 
30 minutes), resuspended to one tenth the original volume of the 
soluble protein fraction and dialysed against PPMG buffer overnight 
to remove residual ammonium sulphate. The dialvsed sample was 
loaded onto a 30 x 1 .5cm coluru of 1)EE cellulose equilibrated in 
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PPI buffer, non-binding proteins eluted with PPM plus 0. 1M 
sodium chloride and tubulin with PPMG plus 0.314 sodium chloride. 
The column effluent was monitored and collected as above 
Yeast tubulin-like protein was prepared by the same method 
after breakage of cells into PPMG buffer. 
2.10 Preparation of tubulin by the method of Wilson (i 970). 
Mammalian brain was homogenised at 40C in 1 .Ornl/gm wet weight 
of GLP buffer (100mM sodium glutamate, 20mM sodium phosphate, 
PH 6.8). Soluble proteins were prepared as above [2.7] and loaded 
onto a 30 x 1 ,Scm  column of DE&E cellulose equilibrated in GLP 
buffer. Non-binding proteins were eluted with GIP buffer and tubulin 
with a 0-1.014 sodium chloride gradient in GLP buffer. The column 
effluent was monitored and collected, as described [2.8]. 
Yeast tubulin-like protein was prepared by the same method 
after cell breakage into GLP buffer. 
2.11 Preparation of yeast tuhulin-like protein by the method of 
Haber et al. (1972). 
Cells were broken into PG buffer (0mN sodium phosphate ) 
0.1mM guanosine triphosphate, pH 6.8) to a final ratio of 2.Oml/ 
gm wet weight. Soluble proteins were prepared as above [2.7] and 
loaded onto a 30 x 1 .cm column of DEAE cellulose equilibrated in 
PG buffer. Non-binding proteins were eluted with PG buffer and tubulin-
like protein with a 0-1.0,1 potassium chloride gradient in PG buffer. 
Column fractions were monitored and collected as described [2.8]. 
2.12  Protein determination. 
Protein wa1etermined by a modification of the method of Lowry 
et al, (19-51).  The assay of yeast fractions containing particulate 
material requires the digestion of the sample with 2% sodium 
deoxycholate / 1 .OM sodium hydroxide overnight at 32°C or for 
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3 hours at 600C prior to the addition of the colour reagent. The 
details of the method employed are presented in appendix 2. 
2.13 polyacrylatnide gel electrophoresis. 
a). After the method of Weber and Osborn (1969). 
---.----.- --- 	
------ 
Buffer  A: NaH2PO4 
 (399), Na214P% (102g), SDS (log) to 1.0 litre. 
Stock acrylamide: acrylamide (309), N,I-methylefle bis-acrylamide 
(0.8g), to 100 ml. 
Gels, 7.S% in acrylamide, were prepared by mixing: buffer A 
(2.5mi), stock acrylamide (.Oml), distilled water (10.8m1), i-.% 
ammonium persuiphate (1 .Oml) and TEMED (25u1). The mixture was 
poured into 9.0 x 0.cm glass tubes and overlayered with distilled 
water to form a- sharp interface. 
• Samples were dialysed into •a 1 :10 dilution of buffer A and 
adjusted to 10% mercaptoethaf101, 10% sucrose, 0.1% bromopheflol 
blue, or taken up in this buffer directly. 
Electrophoresis was performed at 4.OmA/gel,constant current, 
using a Shandon Vokam 2761 power pack, until the bromophenol 
tracking dye reached the end of the gel. Electrode buffer was 1:10 
diluted buffer A. 	 - 
Gels were stained for 6 hours in; 50% methanol, 10% acetic 
acid, 0.2% Coomassie Brilliant Blue and destained against 7.% 
b). After the method of Fairbanks et al. (1971). 
Buffer B: EDTA (7,1409 sodium acetate (16.4g), Tris (48.6g), 
to 1.0 litre with distilled water, pH 7-4 with acetic acid. 
Stock acrylaminde: acrylarnide (40g), N,N'-methylene bis-acrylamide 
(1.g), to 100 ml with distilled water. 	- 
Gels were prepared, 5.6% in acrylarnide, by mixing: Buffer B 
(I Omi), 10% SDS (1 Omi), stock acrylamide (1 Lml), 1.5% ammonium per-
sulphate (lOmi), o.% TEMED (ml) and distilled water (6ml). the 
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mixture was poured into 80.0 x 9.0mm glass tubes and overlayered 
with the gel mixture as above without acrylamide to generate a 
sharp interface. 
Samples were dialysed against 10mM Tris, pH 8.0, and adjusted 
to 1.0mM EDTA, 140mM dithiothreitol, 10% glycerol, lOug/mi Pyronin Y; 
or taken up in this buffer directly. 
Electrophoresis was performed at Soy, constant voltage, until 
the Pyronin Y tracking dye reached the bottom of the gel. Electrophoresis 
buffer was 1:10 diluted buffer B with the addition of SDS to 1%. 
Gels were stained overnight in: 25% isopropanol, 10% acetic 
acid, 0.025% Coomassie Brilliant Blue; then for 6 hours in: 
10% isopropanol, 10% acetic acid, 0.0025% Cooniassie Brilliant Blue. 
The gels were destained against 5% acetic acid. 
c). After the method of Laernmli (1970). 
Buffer C: 3.OM Tris, pH8.8 
Buffer D: 0.5M Tris, pH6.8 
Stock acrylamide: acrylamide (309), N,N' methylene bis-acrylamide 
( 0 - 8g). 
Separation gels, 8.0% in acrylamide, were prepared by mixing: 
Stock acrylaniide (8.0ml), bufferC (3.75m1), 10% SDS (0.3m1), 0.5% 
TEMED (3n'il), distilled water (17.5m1) and 10% ammonium persuiphate 
(0.2m1). Gels were formed in 100 x 8.0mm glass tubes to give a 
separation gel of 70-80mm and a stacking gel of 10mm. The stacking 
gel was prepared by mixing: stock acrylamide (1 .Oml), buffer D 
(2.5m1), distilled water (6m1), 10% SDS (0.1ml), 0.% TEMED (0.5m1), 
and 10% ammonium persuiphate (50u1). 
Samples were dialysed into 0,0625M Tris, pH 6.8, and adjusted 
to 0.1% SJJS, 10% mercaptoethanol, 10% glycerol; or taken up in this 
buffer directly. 
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Electrophoresis was performed at 200V, constant voltage, until 
bromophenol blue tracking dye added to the upper buffer reservoir 
reached the bottom of the gel. The electrode buffer was 25m14 Tris, 
192mM glycine, 0.1% SDS, pH 8.3. 
Gels were stained and destained as described above [2.13b]. 
Gels were scanned after staining and destaining using a Joyce-
Loebel U V gel scanner and photographed on Ilford F? 14 film through 
an orange filter. 
2.114 Coichicine and colcemid binding to soluble proteins. 
3H coichicine ([ring C-methoxyl-3H] colchicine, 2Ci/rrimol, 
Radiochemical Centre, Amersham) or colcemid ([ring C-.methoxyl- 3H] 
colcemid, 2.514Ci/mmol, NEN Radiochemicals, Boston, Mass) was added 
to soluble proteins prepared as above [2.7] from concentrated stocks 
stored at -20°C. Coichicine was routinely employed at 0.5uN final 
concentration, colcemid was used at concentrations up to 0.5m14. 
Brain proteins were incubated at 37 °C for one hour, yeast proteins 
at 32 0C for up to three hours. 
2.15 DEAE cellulose chromatography of protein-bound alkaloids. 
After incubation with the 3fl  alkaloid the sample was cooled to 
140c and loaded onto a 30 x 1 .5cm column of DEP..E cellulose 
equilibrated in the appropriate buffer system. The column effluent 
was monitored and collected as described [2.8] and fractions 
assayed for radioactive label by the removal of lOOiil aliquots for 
counting in 5,Ornl of toluene: methoxyethanol: butyl PBD (60:140:0.5) 
scintillator, 
2.16  Determination of protein bound alkaloid by gel exclusion 
chromatography. 
Samples, after incubation with 3H labelled alkaloid, were 
0 chilled to 4C and loaded onto a 30 x 1 .5cm column of Sephadex 
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G100 equilibrated in the appropriate buffer system. The column was 
PUMP 
eluted with the aid of a peristaltic/ to ensure reproducibility 
between samples and fractions were collected and monitored as 
described [2.15]. 
2,17DEAE cellulose filter assay of protein bound alkaloid. 
Filter discs 2.1cm in diameter were cut from DEAE substituted 
filter paper (Whatman Chrornedia 81). The discs were soaked in SOmN 
sodium phosphate buffer, pH 6.8 and compressed in stacks of four. 
The stacked filters were air dried overnight to yield a composite 
filter of four thicknesses which could be easily handled. Filter 
stacks were placed on a stainless steel filter apparatus and washed 
with 5,Oml of the above buffer under light vacuum. The vacuum was 
broken and a further 5.0ml of buffer pipetted into the upper 
reservoir of the filter apparatus. The sample, 0.1-0.ml, was 
chilled to L °c and mixed withhe buffer in the filter assembly. The 
mixture was filtered under light vacuum, 30 seconds passage time 
for 5.Oml, and the filters washed in situ with four S.Ornl aliquots 
of buffer. The filter stack was removed and blotted of excess 
buffer prior to counting in toluene: rnethoxyethanol: butyl PBD 
(60:40:0.5). After the method of Borisy (1972). 
2.18 In-vitro assembly of microtubules. 
The standard reassembly buffer employed was: lOOmN NaMES, 
1.0mM EGTA, 0.mN Mg2SO )4, 0.1mM EDTA, pH 6.8. Nucleotide triphosphates 
were added to the complete buffer to give MA buffer (plus 1 .nM ATP) 
and MG buffer (plus 1.0mM GTP). 
a). Assembly after the method of Borisy et al (197). 
Soluble proteins were prepared in 11G buffer as described [2.7] 
and microtubules polymerised by incubation at 
370  or 32°C for 30 
minutes. The microtubules were collected by centrifugation (90,000 x g 
30 miiiutes, 20°C). The pellet was resuspended in one tenth the 
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original volume in m buffer and chilled to 40 c for 20 minutes. 
Depolymerised tubulin was obtained as the supernatant from a second 
centrifugation step (90,000 x g, 30 minutes, )400. This method is 
outlined in the flow sheet, figure 5.1. 
Assembly after the method of Shelanski et al (1973). 
Soluble proteins were prepared in 	buffer as described [2.7] 
and adjusted to 4.014 glycerol. The preparation was incubated at 
37 or 32 °C to polymerise microtubules which were collected by 
centrifugation (90,000 x g, 30 minutes, )400. The pellet was 
resuspended to one tenth the original volume in ITI buffer and 
chilled to 40c. Depolynierised tubu.lin was obtained as the supernatant 
from a second centrifugation step (90,000 x g, 30 minutes, 14 0C). 
The method is outlined in the flow sheet, figure 5.6. 
Large scale preparation of microtubule proteins by in-vitro 
assembly. 
Pig brain, obtained from freshly killed animals, was homogenised 
at 14°C in 1 .Oml/grn wet weight of MA buffer. Soluble proteins were 
prepared by centrifugation (25,000'x g, 90 minutes) and adjusted 
to 4.OM glycerol. Microtubules were polymerised by incubation at 
37 0C for 30 minutes and harvested by centrifugation (50,000 x g, 
90 minutes). The pellet was resuspended in one tenth the original 
volume of 1,T3 buffer and chilled to 140c to depolymerise microtubules. 
Depolymerised rnicrotubule protein was obtained as the supernatant 
after centrifugation (90,000 x g, 30 minutes), adjusted to 8.014 
glycerol and stored at -20°C. 
2.19 Electron microscopy. 
Samples were placed or. formvar coated grids, negatively stained 
with 1% uranyl acetate and examined using a Philips model EM 300 
electron microscope at magnifications of 140-60,000. 
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2.20 Preparation of soluble proteins for tyrosine ligase 
Soluble proteins were prepared by the standard procedure [2.7] 
after homogenisation or breakage in TX buffer (0mM K IS, 1 .0mM 
mercaptoethanol, pH 6.6). Residual free tyrosine was removed by 
passage of the proteins through a 30 x 1 .cni column of Sephadex 
GSO equilibrated with TX buffer. 
2.21 Tyrosine incorporation. 
Samples were diluted 1:1 with TL buffer (60mM potassium 
chloride, 2mI1 magnesium chloride, SOmN Tris, 5.0mM ATP, pH 7.0) 
and incubated at 37 or 32°C for brain and yeast proteins respectively. 
This buffer is twice the concentration in all components of that 
described by Raybin and Flavin (197) to permit the direct assay of 
microtubule proteins stored in MG plus 8.01A glycerol. To assay 
samples without glycerol or the other low molecular weight components 
of the reassembly buffer the proteins were passed through a 10 x 2cm 
column of Sephadex GSO equilibrated with half strength TL buffer. 
3H tyrosine (1-[3,S-3H] Tyrosine, 54Ci/rninol, Radiochemical Centre, 
Amersham) was added from concentrated stock stored at -20 °C, 
routinely at lOuCi/ml in TL buffer. 
2,22 Filter assay for tyrosine incorporation. 
Aliquots, 0.05-0. 2rnl, were withdrawn from the incubation 
mixture and mixed vigorously with 5.0il of ice-cold 10 TCA. The 
contents of the tube were filtered under vacuum through GFC glass 
fibre discs and the tube and filter washed with four 5.Oml volumes 
of 10% TCA. Filters were dried on a hotplate at 60°C prior to 
digestion with 0.3m1 of hyamine hydroxide: piperidine: water 
(10:9:90), overnight at 32 °C or for three hours at 60 °c. The 
digested filters were counted in toluene: methoxyethanol: butyl PBD 
(60:40:0.5). 
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2.23 Chromatographic assay of tyrosine incorporation. 
Samples were chrornatographed on DEkE cellulose or Sephadex G100 
as described for the determination of protein bound coichicine [2.15 & 
2.161. On occasion samples were dialysed overnight against the column 
buffer to remove free tyrosine prior to chromatography. 
2.24 Polyacrylamide gel analysis of protein-bound tyrosine. 
Tyrosylated protein was prepared by incubation of brain 
soluble proteins or stored microtubule proteins as described [2.21]. 
Free tyrosine was removed by overnight dialysis against 10mM Tris, 
pH 8.0 or by DEtE cellulose purification of protein-bound tyrosine 
[2.23]. The tyrosylated protein was concentrated as necessary to 
provide samples of approximately 50,000cpm per gel and run on 5.61 
gels after the method of Fairbanks et al. [2.13b]. Samples were run 
in duplicate, one gel was stained for protein as described while 
the other was rapidly frozen in an aluminium former on crushed dry 
ice and cut into O.mm slices using a Mickel gel slicer. Slices were 
digested and counted as described above [2.22]. 
2.25 Immunodiffusion analysis 
Double immunodiffusion was performed in 1.2% Noble Agar and in 
1 .0% agarose after the method of Ouchterlony (Ouchterlony and 
Nilsson 1973). A pattern of six peripheral and one central well 
3.0mm in diameter was cut with the aid of an LEB puch in the gel 
poured in plastic petri dishes. Plates were incubated over a range 
of temperatures in closed shndwich boxes lined with moistened paper 
towels to prevent dessication. A number of gel buffering systems 
were employed: 	 - 
Veronal buffer: 10g/litre sodium diethyl barbiturate, pH 8.2. 
Borate buffer: 3.1g boric acid, 3.72g potassium chloride per 
litre, pH 8.0. 
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Tris/HCL: 50rnN, pH 8.3 (Kowit and Fulton 19714a). 
Phosphate: 0.6M sodium phosphate, 0.6N potassium chloride, 
0.05% SDS (after Hauser et a]. 197). 
PBS: (phosphate buffered saliLne), 8.Og sodium chloride, 2.16g 
di-sodium hydrogen phosphate, 0.2g potassium hydrogen phosphate to 
1.0 litre (after Weber et al. 1975b) 
Plates were stained for protein, after removal of non-precipitated 
proteins by overnight diffusion against the relevant buffer, with 
0.025% Coornassie Brilliant Blue in 50% methanol, 10% acetic acid. 
2.26 Serum concentration. 
Serum was adjusted to 33% saturation by the addition of saturated 
ammonium sulphate (pH 6.5) with constant stirring at 140C. Precipitation 
was allowed to proceed for two hours at 140c and the precipitate 
recovered by centrifugation (20,000 x g, 30 minutes). The supernatant 
was adjusted to 50% saturation by the further addition of saturated 
ammonium sulphate and the precipitate formed after two hours 
collected as before. Pellets were taken up to one tenth the original 
serum volume in the desired buffer and dialysed overnight at 14 0C 
against this buffer to remove residual ammonium sulphate. 
2,27 Immunofluorescence analysis. 
Rat myoblasts, cultured in drops of Eagles MEN on coverslips at 
37 ° C were provided by Dr S. Campo. The method used for imrnunofluorescence 
labelling is derived from that of Weber et a]-. (1975b). 
The culture medium was removed by blotting the edge of the 
coverslip with filter paper and the cells fixed by immersing the 
complete coverslip in 3.7% fornialin in PBS at room temperature for 
10 minutes. The preparation was washed by repeated dipping in PBS 
and then passed through methanol (-20 °C, 5 minutes) and acetone 
( -200C, 5 minutes). Specimens were air dried in the flow from a 
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sterile cabinet and 10-0ul of rabbit anti-tubulin serum applied. 
Incubation was performed in filter paper lined, closed containers 
at the desired temperature. Excess antiserum was removed by washing 
in PBS and fluorescein-tagged sheep anti-rabbit serum (provided by 
Dr H.S. Micklem) applied. After incubation as before excess antiserum 
was removed by washing in PBS and the coverslips were mounted in 
PBS plus 20% glycerol or Aquamount (Gurr Ltd, London) on microscope 
slides. Specimens were examined for fluorescence localisation 
using a Nikon model PFM microscope equipped. with the Nikon fluorescence 
microscope attatchment. 	- 
2.28 Radioprecipitation assay. 
Pig brain tubulin prepared by ammonium sulphate precipitation 
and two passages through DEAE cellulose (see chapter 7) was 
iodinated by a modification of the method of Hunter (1973). To 
1.0mg of tubulin in 1 .Oml of sodium phosphate buffer (0.M, pH7.) 
was added lOul of 10% SRS, lOul (1.OuCi) of N a12 I (Radiochemical 
Centre, Amersham) and lOul of chlorandne T •(SOug). The reaction 
was stopped after one minute by the addition of 0.1mJ. of sodium 
metabisuiphite (1 .i.mg/ml) and 0.1ml of potassium iodide (1 .0mg/mi). 
Unreacted iodine was removed by dialysis for 36 hours against 2 x 
1 .Oiitres of 10mM Tris, pH 7.8. 
Assays were set up to cover a range of tubulin to antibody 
concentrations with a constant amount of rabbit pre-immune serum 
as carrier for  the separation step. Antibody antigen interaction 
was allowed to proceed at 14 00 for up to two weeks and the antibody-
antigen complex removed by precipitation of rabbit globulins with 
goat. anti-rabbit serum (Cappel Laboratories -Inc, Downington, USA) 
0 at 14 C for three days. The precipitate was removed by centrifuagation 
(2,000 x g, 60 minutes) and radioactivity in the supernatant and 
29. 




Preparation of yeast tubulin-like protein by DR-AE cellulose 
chromatography. 
Introduction. 
The major protein component of microtubules has been shown 
to be a dimer, molecular weight 120,000D, (Shelanski and Taylor 
1968), which has been termed Tubulin (Mohri 1968). First described 
for m.icrotubules from sea urchin this protein now appears to be 
a ubiquitous component of eukaryotic cells. (see reviews by 
Olmsted and Borisy 1973, Wilson and Bryan 1974, Roberts 1974, 
Hepler and Palevitz 1974). Purification of the protein from a number 
of sources has been reported using its ability to bind 3H coichicine 
as a monitor for enrichment. These methods are based on the surface 
charge properties of tubulin as manifested in terms of solubility 
in ammonium sulphate and binding to ion-exchange resin. 
Studies of these jroperties by Weisenberg et al. (1968) allowed 
the formulation of a preparative procedure for mammalian brain tubulin. 
In outline, an ammonium sulphate cut taken from the soluble protein 
fraction was subjected to DE&E cellulose chromatography. Non - 
tubulin proteins eluted in the column void volume under appropriate 
conditions of pH and ionic strength. and tubulin was eluted with a 
gradient of increasing ionic strength. A batch method based on 
these priciples has been described (Weisenberg et al. 1968) and an 
alternative procedure employing pyrophoshate buffers, which gives 
reduced contamination with polynucleotides has beeireported by 
Upper (.1972). 
Tubulin prepared by these methods is a dimer, molecular weight 
120,0001), which binds colchicine. The binding activity is labile 
but can be stabilised by glutamate (Wilson 1970), GTP ( Weisenberg 
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et al, 1968), and during low temperature storage by sucrose or 
glycerol (Frigon and Lee 1 972, Wheatley and Lawrence 1974). The 
dinier breaks down under denaturing conditions to yield the component 
monomers, approximate molecular weight on continuous SDS gels 
55,000D, although the two polypeptides can be resolved on discontinuous 
gels (Renaud et al. 1968). The molecular weights of the two 
polypeptides is disputed and the values vary with the pH and ionic 
strength of the gel system used (Wilson and Bryan 19714). The 
interaction between the two monomers is non-covalent ( Lee et al. 
1 973) and on continuous SDS gels the accepted molecular weight of 
the protein is 55,000D. Tubulin prepared from a number of sources 
has similar amino acid composition (Luduena and Woodward 1973) 
and colcbicjne binding activity (see reviews above ) Wilson and 
Ne4za 1 973, Wilson et al 197). 
Burns (1973) has presented evidence for the presence of a 
"tubulin-like" protein in Schizosaccharornyces pombe on the basis 
of electrophoretjc analysis of soluble proteins after ion exchange 
chromatography. No colchicine binding activity could, however, be 
demonstrated in these fractions or in similar preparations from a 
number of other lower eukaryotes. Haber et al (1972) have described 
a colceniid binding activity in soluble proteins of Saccharomyces 
cerevisiae which they propose to represent the yeast tubulin. In 
view of the complexity of the results obtained relating to the 
colcem.id binding properties of yeast proteins these data are treated 
in the succeeding chapter while this relates to attempts to further 
purify the tubulin-like protein described by Burns (1973). 
32. 
Fractionation of soluble proteins from mammalian brain and S.ponibe 
by a modification of the method of Weisenberg et al. (1968). 
Soluble proteins were prepared from mouse brain[2-7] and 
fractionated by chromatography on DEfE cellulose in PMG buffer with 
a 0 - 1.014  sodium chloride gradient [2.8]. The column effluent was 
monitored at 280nm using a flow spectrophotometer (Figure 3.1) and 
analysed spectrophotometrically. Significant amounts of polynucleotide 
were present in all fractions, the peak between fractions 13 and 20 
having almost no protein component. 
Protein containing/fractions from the peak eluting at 0.M NaCl 
were analysed by continuous SDS gel electrophoresis [2.13a]. The. 
densitometer traceof the sample taken from the front edge of the 
peak, fractions 31 and 32, showed two major polypeptides designated 
T and A in figure 3.2. Enrichment for the former species was 
obtained in subsequent experiments by the use of shallower 0 - 0.6M 
NaCl gradients (figure 3.3). Molecular weights of the two polypeptides 
were determined by comparison with proteins of known molecular weight 
(figure 303 inset). The polypeptide T was found to be 55,OOOD while 
A was approximately 45,000D; the former compares with published 
values for brain tubulin and the latter to that for vertebrate 
actin. Molecular weights were confirmed by triplicate determination 
against bovine serum albumin, ovalbumin, catalase and ribonuclease 
(figure 3.4). 
Having determined the optimal conditions for preparation of 
brain tubulin.- 1 the method was applied to the fractionation of 
soluble proteins from S.pombe. Initial preparations of the yeast 
soluble protein were found to contain large amounts of polynucleotide 
which caused aggregation and impaired the resolution of the chromatography. 








































































































Distance of migration 
Proteins eluting at 0.5 11.1 NaCl form DEAE cellulose in PMG buffer [2.8]; 
5.0% acrylamide gels after the method of Weber and Osborn [2.13a]. 
Upper trace, mammalian brain; lower trace S.pombe. 
Catalas e 


















0.5 	 1.0 
Relative mobility 
Molecular weight determination of proteins of mammalian brain 
eluted at 0.14 NaCl from DFAE cellulose. % acrylamide gels 
after the method of Weber and Osborn [2.13a]. 
Table 3.1 
Ammonium sulphate fractionation of S.pombe soluble proteins. 
% amrnonium sulphate mg protein % of total 
O-20 4.0 1.0 
20 - 30 40.2 9.8 
30 - 40 67.3 16.4 
140 - 	0 149.8 12.14 
SO - 70 60.9 14.8 
70 plus 161.14 39.2 
Precipitation was allowed to proceed for 30 minutes at 14 0c 
after the addition of saturated ammonium sulphate to the desired 
concentration and the precipitate collected by centrifugation 
(20,000 x g, 30 minutes). 
33. 
was thereafter used routinely [2.d]. The contribution of 260nrn 
absorbing material to the 280nm elution profile for the fractionation 
of yeast soluble proteins is apparent from a comparison of the 
elution profile (figure 3.) measured as O.D. 280nm and as protein 
per fraction determined as described [2.12]. 
Continuous SDS gel analysis of fractions eluting at 0.514 NaCl 
(figure 3.2b) demonstrated a triplet of polypeptides of 7,000, 
55,000, and 4,O0oD (figure 3.6) and a large number of other 
polypeptides. Fractionation of soluble proteins from log phase and 
stationary phase (figure 3.7)  cells gave essentially similar 
results although some variation in band mobility was observed between 
samples prepared in the same way from different cultures. This 
variability together with the heterogeneity of the protein fraction 
has rendered the identification of the yeast tubulin-like protein 
difficult. To aid this identification the characteristics of the 
fractionation procedure were looked at in more detail. 
Ammonium sulphate precipitation of soluble proteins of S.pombe. 
The salting out of proteins has a- long history and has been 
succesfully used in the purification of brain tubulin (Weisenberg 
et al. 1968, Upper 1972). Table 3.1 shows the percentage precipitation 
of S.pombe soluble proteins as a function of ammonium sulphate 
concentration and the composition of the fractions as analysed 
by SDS gel electrophoresis is presented as figure 3.8. Although 
there was no convincing purification of the yeast tubulin-like 
protein by ammonium sulphate precipitation alone ) the combination of 
this technique with DEtE cellulose chromatography gave significant 
purification of this protein. 
The fraction of S.pombe soluble proteins precipitating 
between 35 and 45% saturation ammonium sulphate was loaded onto a 





























0.6 	 1.0 
Relative mobility 	 - 
Determination of molecular weights of proteins from the 
soluble protein fraction of S.pombe eluting from DEAE cellulose 
at Q.M NaC1 [2.8]. S% acrylamide gels after the method of 







Distance of migration 
Proteins eluting at O.M NaC1 from DEkE cellulose run in PIC buffer 
.81 with soluble proteins from stationary phase S.pombe. 5110 acrylam.ide gels 
'ter the method of l'Ieber and Osborn [2.13a]. Bar indicates mobility of brain 
ibulin run in parallel. 











5.6 acr71-.ide gels after the method of Fairbanks at *1. (2.13b). 
L' S.pc.be soluble protein fraction; , 10/20%j 39 20/40; 4, 
, 50/70% ammonium sulphate cute from S.pombe soluble proteins; 
6 &, O.SM N&C1 eluting fractions from DFAE cellulose chromatograph7 
of 30/0% cutj 1, brain tubuH. 
3)4 0 
with a 0 - 0.6M NaCl gradient. The fraction eluting at O.M NaCl was 
found by gel electrophoresis to be enriched in a protein close to 
the molecular weight of brain tubulin (figure 3.9). Co-migration 
of the biain tubulin and the yeast protein was observed at different 
gel concentrations and when the two proteins were subjected to 
co-electrophoresis on the same gel. Interestingly, a lower mTolecular 
weight polypeptide of the yeast preparation was observed to 
co-migrate with the presumed actin in the mammalian brain preparation. 
The yield of the tubulin-like protein obtained by this method is 
low, from approximately 400mg of total soluble protein .0mg of 
enriched material was produced after ammonium sulphate precipitation 
and chromatography which is at best 40% tubulin-like protein. 
Fractionation of soluble proteins by the method of Upper (1972). 
An alternative method for the purification of brain tubulin 
has been described by Upper (1972), employing a 3 - 50% ammonium 
sulphate cut prior to chromatography on DFAE cellulose in pyrophosphate 
buffers. This method is claimed to reduce the contamination of the 
final product with polynucleotide (Upper 1972, 1974a,b, 1 975). 
Pig brain soluble proteins were prepared in PPMG buffer [2.9] 
and the fraction precipitating between 3 and 0% ammonium sulphate 
loaded onto a 30 x 1 .cm column of DEAE cellulose. Non-tubulin 
proteins were eluted with PPMG plus 0.1M NaCl and the remaining 
protein with PPMG plus 0.3M NaCl (figure 3.10). Fractions were 
analysed by SDS gel electrophoresis and tubulin was found in all 
fractions after the salt step (figures 3.11 and 3.12. 
The procedure was applied to soluble proteins from S.nornbe 
(figure 3.13) and fractions analysed by SDS gel electrophoresis as before 
(figure 3.1)4). Identical qualitative results were obtained for log 
phase and stationary cells. The yield of tubulin-like protein by 
1 	2 	3 	4 
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..cry1.d. g.1a (2.13.]. 1 ..0 s.powbe tubuUn-ItIcs protein prepared 
by assionim .u]hate precipitation and DUE csUvloae throm.tcgrsp; 
this protein with an equal amount of brain t*ulini , brain 
tulin. 
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Figure 3.10 Brain soluble proteins fractionated on DEAE cellulose in PPI1G buffer[2.9]. Solid circles protein 
per ml (3.Oml fractions); open circles, 3H coichicine label per ml, see chapter !.. 
itttii 
Figure 3.11 
..or7is 4 d. gels [2.13b]. 
1 - , .ql amounts of protein from fractions pooled as A s B, 
C, D, and E of figure 3.10; 6 # tubulin prepared by EM cellulo.e 










Distance of migration 
Figure 3.12 46ug of protein from fractions pooled as C in fig 3.10; 
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Figure 3.13 Fractionation of soluble proteins of S.pornbe on DE!E cellulose in PPM buffer [2.9]. 
	








Flamm 2. 1 4 
5.4% .cr71il 9.1a (2.13b]. 
1 - 	trsctiw poa3ad sa A s 89 C, and D of figurs 3.131 
protein frotioij 6,p 3W5C onto L' 51$ malublej 
!
0 br.ia t1tn. 
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this procedure was increased, the 35 - 50% ammonium sulphate cut 
represents up to 25% of the total soluble protein fraction and 
enriched fractions from the column contained 10-15% tubu.lin-like 
protein. Total recovery of the yeast tubulin-like protein can be 
increased by taking a wider ammonium sulphate cut to give up to 
20mg of column purified protein that is-10-15% tubulin-like in 
composition as judged by electrophoretic analysis. 
Discontinuous SDS gel electrophoresis of tubulin and tubulin-like 
protein. 
Discrimination of the two subunit polypeptides of the tubulin 
dimer during gel electrophoresis has been described by a number of 
workers (Renaud et al. 1 968, Everhart 1971, Bryan and Wilson 1971, 
Eipper 1972, Bibring and Baxandall 1971, 19710. The resolution of the 
slower migrating alpha band from the beta band has been found to 
be dependent on the pH, and ionic strength of the gel buffer (Wilson 
and Bryan 1 97L), and modification of the protein suiphyryl groups 
(Bibring and Baxandall 1974). 
Brain tubulin and S.pornbe tubulin-like protein were prepared 
by DEA.E cellulose chromatography and dialysed into Tris gel buffer 
[2.13c]. Samples were adjusted to 0.1% SDS and 10% riercaptoethanol 
and subjected to discontinuous SDS gel electrophoresis after the 
method of Laemmli (1970). Brain tubulin ran as a closely spaced 
doublet (figure 3.15) whose absolute mobility was dependent on the 
protein loading. A broadening of the tubulin-like protein of S.pomhe 
fractions was observed but no distinct doublet was resolved. 
Samples of DEAE purified yeast protein were reduced with 
mercaptoethanol and alkylated with iodoacetate prior to electrophoresis 
(Renaud et al. 1968). This procedure did not allow the demonstration 
of two component polypeptides in the tubulin-like protein band. 





8% discontinuous SDS acrylaride gels (2.13c1. 
1 & & 20 ug brain tubnitn; 2 & 6.s 140 ug brain tubulin; 3 & 14, 
S.poube tubulin-like protein prepared by the method of Apper (2.9); 
7 & 89 S.pobe tubulin like protein prepared by aoniva sulphate 
precipitation and DE&E cellulose chromatography in P14} (2.8]. 
Samples b and 8 were reduced and a]kylated as described in the text. 
36. 
Lowering the ionic strength of the gel buffer to 50MI4 Tris 
(Wilson and Bryan 197)4) and the introduction of urea to 8,014 
(Lee et al, 1973) did not result in the splitting of the yeast 
tubulin-like protein band. 
Discussion. 
The extension of chromatographic procedures, designed for the 
purification of tubulin from mammalian brain, to the soluble protein 
fraction of S.pombe has allowed the preparation of a yeast protein 
of similar molecular weight to brain tubulin. DEE cellulose 
fractionation of total yeast soluble proteins resulted in the 
enrichment for a number of polypeptides including a triplet close 
to the molecular weight of brain tubulin. The heterogeneity of 
these preparations precluded the positive identification of the 
yeast tubulin due to variation in migration during electrophoresis. 
The combination of ammonium sulphate precipitation with DEAE 
cellulose chromatography provided a more convincing purification 
of the yeast tubulin-like protein. The/failure of this species to 
split into subunits on discontinuous gel electrophoresis is 
contrary to the reported perties of other tubulins ( see Wilson 
and Bryan 197)4), and modification of the conditions of electrophoresis 
or sample preparation did not allow the resolution of subunits in 
the yeast preparation. The basis for the splitting of the tubulin 
band from mammalian brain on discontinuous gels is unclear and may 
reflect either differences in molecular weight or surface charge. 
The yeast tubulin-like protein behaved as a single polypeptide on 
dicontinuous gels at loadings up to 30ug per gel, the absence of 
a faster migrating band (beta) can not therefore be ascribed to 
non-linear staining as described by Bibring and Baxandall (1974). 
Of the two preparative procedures described [2.8 &2.9] the 
37. 
latter gives higher yields and the former better purification. The 
protein recovery from both methods indicates that the yeast 
tubulin-like protein represents approximately 1/10 of the total 
soluble protein. If this thservation is correct, and no large 
loss occurs during the purification, then the heterogeneity of 
the final product is explicable. 
The identification of proteins solely on the basis of molecular 
weight by gel electrophoresis is highly suspect, notably in the 
molecular weight range 30,000 -100,000D in an organism like S.pombe 
which exhibits a large number of polypeptides in this range. The 
enrichment observed for the yeast tubulin-like protein during 
purification by methods described for mammalian brain tubulin 
provides some support for the identification of the yeast tubulin 
but cannot be taken as positive proof of similarity between the 
two proteins. Other properties of brain tubulin 
were therefore examined as means of characterising the tubulin-like 
protein of S.pornbe. 
38, 
Chapter 4. 
Alkaloid binding properties of tubulin and yeast tubulin-
like protein. 
Introduction. 
Mitotic poisons were employed in cytological studies for many 
years while their mode of action remained unclear.(Deysson 1968). 
The most common of these compounds are colchicine and colcemid 
whose modern use derives from the work of A.P. Dustin and coworkers 
in the first half of this century. This work and the bulk of the 
information accrued by earlier studies has been reviewed by Eigsti 
and Dustin 1955 
Biochemical studies of the mode of action of coichicine date 
from the demonstration of 3H colchicine binding to whole cells by 
Taylor (1965) which lead to fractionation studies using this 
compound as a probe for the cellular binding site. Thus Borisy 
and Taylor (1967a and b) demonstrated the presence of a 6s cytoplasmic 
protein which formed a complex with the drug, present in a range 
of cell types in an abundance that reflected the number of rnicrotubules 
observed in these cells, and determined the kinetic parameters of 
the binding reaction. This work was extended (Shelanski and Taylor 
1967) to show that the 6s binding protein could be obtained by the 
solubilisation of sea urchin microtubules. These observations have 
since been exploited by several groups of workers to demonstrate 
the presence of a similar binding species in a range of cell 
types (see reviews by Olmsted and Borisy 1973, Roberts 1974). 
This coichicine binding activity of the native tubulin dimer 
has aided the purification of the protein from a number of sources, 
vertebrate brain (11eisenberg et al. 1968, Wilson 1970, Eipper 1972), 
thyroid (Bhattacharya and Wolf 1974), and fibroblasts (Ostlund 
390 
and Pastan 1975). Haber et al. (1972) have reported the detection 
of a colcemid binding protein in the soluble protein fracticnfroni 
Saccharomyces cerevisiae of similar chromatographic properties to 
brain tubulin. The yeast protein did not, however, bind 3H colchicine 
which correlates with the sensitivity of thet yeast to the two 
compounds (Lederberg and Stetten 1970). 
Other attempts to demonstrate coichicine binding proteins 
in lower eukaryotes have been reported. Burns (1973) could not 
detect 3H coichicine binding in soluble proteins from S.pornbe, 
Tetrahymena, Zea Mays or pea root tips. Farrell (1974) has described 
the purification of a tubulin-like protein from Chiamydomonas 
which did not bind colchicine. Similar negative reports have been 
presented for plant tissues (Hart 197) and Physarum (Jockusch 1973). 
labelled colcemid has recently become commercially available 
and since the antimitotic effects of this compound have been 
demonstrated for S.pombe (Lederberg and Stetten 1970) it seemed 
appropriate to examine the soluble protein fraction of this 
organism for a colcemid binding protein. A number of methods 
previously applied to mammalian brain were used to compare the 
binding characteristics of the yeast fraction with similar extracts 
of brain handled in parallel. 
40. 
DEPE cellulose chromatography of soluble proteins after incubation 
with 3Jj labelled coichicine or colcemid. 
Soluble proteins were prepared in PI-X; buffer from mouse brain 
[2.8] and incubated with 3H coichicine, suN, for 60 minutes at 
37°C. The incubation mixture was fractionated on a 15 x 1 .0cm 
column of DEkE cellulose as described [2.8]. Coincident peaks of 
protein and radioactive label eluted at 0.5M NaC1 (figure 4.1) and 
SDS gel analysis of fractions across the peak demonstrated enrichment 
(figure 4.2) 	3 for tubulin. The binding of H coichicine to brain tubulin was 
also found when the incubation mixture was fractionated on DEAE 
cellulose in PPM buffer (figure 3.10) and electrophoretic analysis 
again demonstrated enrichment for tubulin in fractions coincident 
with the radioactivity peak (figure 3.11). 
Preliminary attempts to extend these observations to the 
binding of 3H colcemid by soluble proteins from Spombe were 
unsuccessful. Very low count rates were found in the retarded fractions 
after separation on short columns of DEA.E cellulose and the 
experimental procedure was therefore modified to allow more efficient 
fractionation by the use of 30cm columns and a longer gradient. 
Soluble proteins were prepared from S.pombe in PIAL buffer 
[2.8] and incubated with 3H colcemid, 0.1mM, for 60 minutes at 32 0 C. 
The incubation mixture was applied to a 30 x 1 .cm column of DEAE 
cellulose and fractionated with a 0 -0.8M NaCl gradient. By counting 
lOOul aliquots from the column fractions a reproducible rise in 
the radioactivity trace could be detected in fractions eluting at 
0.5M NaCl (figure 4.3). This rise was not large, amounting at best 
to three times the baseline value 
The coichicine binding activity of mammalian brain tubulin is 
labile and several factors have been found to influence the half- 
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Figure Li..1 	Fractionation of mammalian brain soluble proteins incubated with 	11 coichicine on 
DE cellulose in P1G buffer [2.15]., Solid circles, protein per ml; open circles, cpm per ml. 
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Lu. 
life of coichicine binding. Temperature, GTP concentration and pH 
(Weisenberg et al. 1968) have been carefully controlled in these 
experiments and protease inhibitor has been added to both the 
soluble protein fraction and to the column buffers. Wilson (1970) 
has shown that the coichicine binding activity of brain tubulin 
is stabilised by glutamate buffers. The preparation and fractionation 
of soluble proteins of S.pombe by this method [2.10] demonstrated 
a rise in the radioactivity profile for fractions eluting at 0.5m 
'NaCl (figure Lu.Lu). Analysis of protein fractions coincident with 
this rise in the radioactivity profile showed the presence of a 
tubulin-like protein similar in mobility to that described in the 
previous chapter (figure 4.5), 
Comparison of 3H colcemid binding to soluble proteins of S.pomhe 
and S,cerevisiae. 
The application of 3H colcemid as a probe for the tubulin- 
like protein of S.pombe was stimulated by the report of a colcemid 
binding activity in soluble proteins from S.cerevisiae (Haber et al. 
1972). While the absence of a similar binding activity from S.Dornbe 
might reflect a difference between the two organisms a technical 
factor in the procedures used could also explain the low levels 
of radioactivity associated with the late eluting proteins from 
S.pombe. Several attempts to repeat the observations of Haber et al 
were made, care being taken to repeat exactly the conditions 
described by these workers [2.11]. The column profile from such an 
experiment (figure 4.6) for soluble proteins of S.cerevisiae shows 
a small but reproducible rise in the radioactivity profile with 
the fractions eluting at 0.14 NaCl ., similar to that detected in the 
fractionation of S.pombe soluble proteins above. 
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Figure 4.4 
Fractionation of soluble proteins of S.porribe in GIP buffer [2.10] 
after incubation with 3 H colcemid. Soils circles protein per ml; 
open circles cpm per ml. 
Figure 4.5 
Densitometer trace of acrylarnide gels, % [2.13a]. 
peak fractions from column cf figure 4.3 
peak fractions from column of figure 4.4 














































































































































































by DEP.E cellulose chromatography could be due either to interaction 
of the labelled compound with the protein or to the presence of 
a radiochernicial impurity capable of binding to the resin. To 
examine this latter possibility alternative methods of separating 
protein bound from free label were examined. 
Separation of free and protein bound alkaloid by gel exclusion 
chromatography. 
coichicine bound to brain tubulin has been separated from 
the free alkaloid by chromatography on Sepahadex G100 (Weisenberg 
et al, 1968, Wilson 1970, Upper  1972). 
cytoplasmic proteins were prepared from mouse brain in PM 
buffer and incubated with H colchicine, SuN, for 60 minutes at 
37°C. The incubation mixture was loaded onto a 30 x 1-5cm column 
of Sephadex G100, eluted with P.L and fractions assayed for 
protein and radioactive label as described [2.16]. A peak of radioactive 
label eluted with the protein front and a second peak at the salt 
volume of the column (figure 4.7). 
Soluble proteins from S.pombe were processed in the same manner 
after incubation with 3 11 colcemid, 0.5mM, for 60 minutes at 32 °C. 
In this case no radioactive label eluted before the salt volume of 
the column (figure 1.8). Variation of the buffer system, colcemid 
concentration and protein concentration failed to elicit a shift of 
radioactive label to the front running fractions of the column 
for either S.pombe or S.cerevisiae proteins. 
Analysis of alkaloid binding activity by these column bsed 
methods is rather slow and not readily applied to large numbers of 
samples. There have been several reports of more convenient 
techniques for the determination of protein bound 3 11 colchicine 
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Fractionation of mammalian brain soluble proteins on Sephadex G100 after incubation with 3 H coichicine. 
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Fractionation of S.pombe soluble proteins on Sephadex G100 [2.16] 
after incubation with 3 H colcemid. Solid circles protein per ml; open 








3  11 coichicine 311 colcemid 
Brain soluble proteins 10,1442 	(118) 9901 ( 1 5 1 ) 
(14.0mg/mi) 9,656 (148) 7694 (101) 
S.pombe soluble proteins 125 	(101) 150 (118) 
(7.8 mg/ml) 106 (80) 126 (106) 
S.pombe 30/50% cut 256 ( 1 03) 241 (109) 
(12.5 mg/ml) 186 ( 93) 197 ( 97) 
60 minute incubations at 32 °C for S.pornbe fractions and 37 °C 
for brain. The labelled compounds were employed at 5uii for the 
brain fractions and 0.5mM for the yeast. Triplicate assays by 
the filter method [2.17] were performed on two separate incubations, 
figures in parentheses indicate assay background for non-incubated 
blanks. 
43. 
To examine the effect of varying the incubation conditions on the 
interaction of 3H colcemid with yeast proteins a method for the 
rapid analysis of larger numbers of samples was used. 
Filter assay for alkaloid binding in soluble proteins from S.pombe 
and mammalian brain. 
Tubulin bound 3H colchicine can be determined by the retention 
of the complex when incubation mixtures are filtered through DEAE 
substituted paper (Borisy 1972). 3H colcernid binding was assayed 
by this method [2.17] and the competency of the preparation to 
bind tubulin checked by incubation with soluble proteins from 
mammalian brain (table 4. 1). Mammalian proteins were found to bind 
both colchicine and.colcenid with at least 100 times the efficiencey 
of the soluble protein fraction from S.pombe. The count rates 
observed with the yeast preparation were indistinguishable from 
'the assay background. 
The binding of coidhicine to brain tubulin is relatively slow 
(Wilson 1970), the data in table 4.1 relate to 60 minute incubations 
but extending the time course for the yeast proteins to three 
hours did not increase the retained counts (figure 14.9.). The 
binding of colchicine to brain tubulin is also markedly temperature 
dependent, previous data for S.pombe relate to incubation at 32 0C. 
Raising the temperature of the incubation for the yeast samples 
to 37 °C did not increase the binding of 3H colcemid (figure I.10). 
The low binding activity in the yeast soluble protein fraction 
could reflect the low concentration of the ±ubulin-like protein or 
simple non-specific adsorbtion. Real binding activity should increase 
with purification of the protein and ammonium sulphate precipitation 
was found to increase the specific binding activity (table 4.1). This 
increased binding was not, however, dependent on the protein 
Figure J.9 
Time course of 3H colcemid binding to soluble proteins of S.pombe. 
Protein concentration 16.4 mg /ml, colcemid 0-mm, incubated at 
32 °C Solid triangles, mean of two assays on incubated sample [2.17] 
open circles mean of two assays on unincubated blank. 
Figure 4.10 
Time course of 3H colcemidbinding at 37°C. Filled squares 
brain soluble proteins ( 12.6 mg/nil), SuM 3H colcemid; 
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concentration and may represent the effect of residual ammonium 
sulphate. 
Burns (1973) has shown that the soluble protein fraction from 
S.ponibe does not inhibit the binding of 3H coichicine to brain 
tubulin. Mixed soluble proteins from brain and S.pombe incubated with 
3H coichicine and assayed by the filter technique showed enhanced 
binding activity (figure )4.11). This stimulation has been found 
reproducibly and although difficult to interpret at least confirms 
that thelow levels of colcemid binding activity in the soluble 
protein fraction of S.pomnbe do not arise through the action of an 
inhibitor of the binding reaction. 
Tubulin from marialian brain has been demonstrated to bind 
311 coichicine and colcemid and the complex separated from the free 
alkaloid by charge and size differences. This binding has been used 
to aid the purification and quantitation of the brain protein 
(Weisenberg et al. 1968, Wilson 1970, Olmsted and Borisy 1973). 
This suggested that the characterisation of the tubulin-like protein 
from S.pombe could be achieved by a similar approach and if such 
a binding activity were found might allow the measurement of the 
yeast protein in cell extracts. The data presented in this chapter 
indicate that this rationale may not be readily applied. 
Ion-exchange chromatography of soluble proteins from S.pombe 
after incubation with 31 1L colcemnid shows a coelution of a portion 
of the radioactive label with proteins at 0.5t MaCi but the low 
count rates do not allow unambiguous conclusions to be drawn. The 
rise in count rate may reflect a specific association of labelled 
colcerrild with the protein but could equally well be ascribed to 
either non-specific association or to a radiochemical impurity. 




S.poibe soluble protein (r.3 /,L) 
Figure 4.11 
Stimulation of 3H coichicine binding to brain soluble proteins 
(0.1 mg/ml) by increasing concentration of soluble proteins of 
S.pombe after mixed incubationwith 5W4 3 	 0 H coichicine at 37 C 
for 60 minutes. Assayed in 1 OOuJ.. aliquots by DEAE filter method [2-1 71. 
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This latter possibility is an inherent feature of any method of 
separating bound and free label in which the former can be contaminated 
by the free label or by impurities as in the ion-exchange procedure 
described here and by Haber et al.(1 972). 
I have been unable to repeat the observations of these workers, 
using the conditions described, either by DEAE cellulose chromatography 
or by gel exclusion. The conditions have been reproduced exactly 
with the exception of the labelled colcemid; this work was performed 
using a commercial preparation which was shown to bind mammalian 
tubulin while Haber et al. (1972) synthesised their own 3 H colcernid 
from coichicine by chemical modification and tritiation. The 
3H colcemid used here has a specific activity of 2.4Ci/mmol 
which is half that of the compound used by the previous workers. This 
difference is not sufficient to explain the disparity between the 
count rates described here and those of Haber et al. 
There is a large body of evidence for the inhibition of microtubule 
related processes in lower eukaryotes by coichicine and colcemid 
(Rosenbaum et al. 1969, Coyne and Rosenbaum 1970, Tamura et al. 
1969, Bannerjee et al. 1972, Flavin and Slaughter 1974,   Margulis 
et al.197). No reports of coichicine or colcemnid binding proteins 
in these organisms have appeared and the negative reports of 
Burns (1973), Jockusch (1973) and Hart (197) have been noted above. 
While the low level of colcem.id binding described here for S.pombe 
could reflect a low level of the tubulin-like protein this 
explanation cannot be applied to the organisms examined by these other 
workers. 
Inhibition of the mitostatic effects of coichicine and colcemid 
has been reported .to derive from several of the normal constituents 
of the yeast cytoplasm (Deysson 1968, Bannerjee et al. 1972, 
46. 
Margulls 1975). This may explain the high concentration of colcemid 
required to produce mitotic arrest in potnbe, 5.1mM, (Lederberg 
and Stetten 1 970) compared to that effective against mammalian 
cells, 10 -6  M,  (Taylor 1965). These considerations have to be 
correlated with the inability of the yeast soluble protein fraction 
to inhibit binding of labelled coichicine or colcerriid to mammalian 
tubulin. Thus the protection of cells by riboflavin and nicotinamide 
present in yeast extracts referred to above may reflect an inhibition 
et al. 
of alkaloid entry (see Margulis/1 975). 
The apparent stimulation of 3 H colchicine binding to mammalian 
tubulin described here for soluble proteins of S.pombe has also 
been observed for preparations from Chiamydomonas (Farrell 1974) 
and Tetrahjmena (R.G. Burns, pers. comm.). The stimulatory factor 
in Chiamnydomonas was found to copurify with the tubulin from this 
organism and the stimulation was proposed to arise through the 
interaction of this protein, which does not bind colchicine, with 
brain tubulin to form a complex capable of coichicine binding. 
A similar explanation is proposed for Tetrahymena. While this 
argument may be applied to the stimulation reported here it has, not 
been possible to test this hypothesis with purified preparations of 
the yeast tubulin-like protein. 
In summary, the examination of the alkaloid binding properties 
of the soluble protein fraction of S.pomnbe has not aided the identification 
of the. tubulin-like protein in this organism. The low count rates 
observed after fractionation of incubation mixtures are difficult 
to interpret unambiguously but suggest that the tubulin of this 
organism does not bind 3H colcemid. These low count rates have 
precluded the application of alkaloid binding techniques for the 
quantitation of the S.pombe tubuiin-like protein. 
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cpter 5. 
In-vitro assembly of tubulin and tubulin-like protein. 
Introduction. 
The most convincing demonstration of the relationship between 
tubulin and microtubules has been provided by the assembly of 
microtubules in-vitro from the purified protein. Weisenberg (1972), 
and Lee and Tiniasheff (1975) have reported the polymerisation of 
brain tubulin prepared by DEE cellulose chromatography to yield 
m.icrotubules which exhibit structural and stability properties 
similar to those of microtubules in-vivo. Polymerisation can be 
induced by raising the temperature of purified tubulin or total brain 
soluble proteins (Borisy and Olmsted 1972) to 37 °C with GTP, 14gC12 
at pH 6.8 in the presence of calcium chelators. The formation of 
microtubules in-vitro is reversibly inhibited by low temperatures, 
coichicine and calcium ion in a manner analagous to the behaviour 
of the mitotic spindle fibres in-vivo (Inoue and Sato 1967). 
In-vitro microtubules are also depolymerised by high hydrostatic 
pressure (Salmon 1975a' )although their sensitivity is variable 
et al. 
(O'Connor/197J, which is comparable with the effect of pressure 
on spindle fibres (see Zimmerman 1969, 1 971 and Salmon 1 975b). 
The optimal conditions for in-vitro polymerisation of brain 
tubulin have been discovered by the extension of the original 
method above and methods for the purification of tubulin by 
successive cycles of assembly and disassembly have been described 
(Shelansikd et al. 1973, Olmsted et al. 1974, I3orisy et a].. 1975). 
The polymerisation process has been demonstrated by electron 
microscopy (Weisenberg 1972), viscomuetry (Borisy and Olmsted 1 973), 
sedimentation (Johnson and Borisy 197)4), and light scattering 
(Gaskin et al. 197)4). Collectively these studies indicate that 
L,8. 
tubulin polymerisation represents a biphasic nucleation, extension 
process which goes to equilibrium above a critical tubulin concentration,  
Depolymerisation of microtubules prepared by in-vitro assembly 
has been found to give two tubulin components (Weingarten et al. 1974), 
in addition to the 6S dimeric species described previously an 
aggregated form of approximately 36S is present. This component 
has been visualised in electron micrographs as a disc or ring 
structure (Borisy and Olmsted 1972, Frigon et al 1974) and the 
two tubulin components resolved by gel exclusion chromatography 
(Weingarten et al. 1974, Kirschner et al. 1974, Borisy et al. 1975). 
The function of the ring structure in the polymerisation of tubulin 
in-vitro is disputed, some workers propose a role in the initial 
nucleation step (see Borisy et al. 1975), while others suggest 
that elongation proceeds by the incorporation Of tubulin filaments 
derived from the uncoiling of the ring structure * (see Kirschner 
et al. 1974, Erickson 1975, Kirschner et al. 1975). 
Microtubules produced by the in-vitro polymerisation of soluble 
proteins from brain consist of a variable number of proteins in 
addition to the major tubulin component, the most prominent being 
a group of two or three high molecular weight proteins which 
copurify with tubulin through successive cycles of assembly and 
disassembly (Murphy and Borisy 1975, Dentler et aL197). The 
relative amount of these high molecular weight species to tuhulin 
has been found to vary with the method of polymerisation used; 
Borisy and coworkers report 15-20% high molecular weight proteins 
for microtubules polymerised in the absence of glycerol ( see 
Murphy and Borisy 1975). Shelanski and coworkers, however, report 
less than 5% high molecular weight proteins in microtubules 
polymerised after the addition of glycerol as a stabilising agent 
49. 
(see Shelanski et al. 1973). The high molecular weight proteins 
have been resolved from tubulin by gel exclusion chromatography 
(Murphy and Borisy 1975, Sloboda et al, 1975)  and are proposed 
to represent the fibrillar structures on the surface of microtubules 
polymerised in-vitro (Dentler et al 1974). Burns and Pollard ( 1 97)4 
have remarked on the similarity in size of the high molecular weight 
proteins and the dynein component of cilia and flagella but found 
that the brain proteins did not exhibit ATPase activity, (see 
Gibbons 1 975 for review of dyneins). 
The high molecular weight proteins have been reported to be 
associated with tubulin in the 36S ring structures above after 
fractionation of depolymerisation products by gel exclusion 
(Sloboda et al. 1975' ) although this observation must be treated 
with caution in view of the chromatographic behaviour of the 
proteins themselves. It is proposed that the high molecular weight 
proteins function in the formation and stabilisation of the ring 
structure which is in accord with their ability to enhance the 
polymerisation of 6s tubulin (Sloboda et al. 1975 , Murphy and Borisy 
1975) , The 6s tubulin species, while capable of incorporation into 
micro tubules in the presence of nucleation "seeds" or ring structures, 
polymerises poorly of its own accord which may reflect either 
this function of the high molecular weight proteins or a modification 
of the tubu1in(Kirschner et al 1974 1975). 
The in-vitro polymerisation of tubulin then allows the 
characterisation of the protein in cytoplasmic extracts and offers 
a further method for the purification of tubulin and microtubule 
proteins. The visualisation of microtubules after "assembly" in 
cell extracts is the best possible criterion for the presence of 
tubulin as it reflects the basic biological function of the molecule. 
so. 
In-vitro polymerisation of tubulin. 
Mammalian brain soluble proteins were prepared in MG reassembly 
buffer [2.18] and incubated at 37 
0
C for 30 minutes. Polymerised 
microtubules were pelleted by centrifugation (90,000 x g, 30 minutes, 
20°C), resuspended in one tenth the original volume ofMG at L °c 
and held on ice for 20 minutes. Depolyrnerised tubulin was recovered 
as the supernatant from a second centrifugation step (90,000 x g, 
30 minutes, )4°C) and repolyTnerised by warming to 37 °C for 30 
minutes. These twice reassembled microtubules were pelleted by 
centrifugation as before (the method is described fully in section 
2.18a and outlined in the flow sheet, figure ,1). Purification of 
tubulin was followed by SDS gel analysis of fractions at successive 
steps in the assembly process (figure 5.2) and the presence of 
rnicrotubules confirmed by electron microscopy of negatively stained 
samples. 
The-soluble protein fraction of S.ponibe was prepared and 
processed by the same method, omitting the second reassembly step ± 
as the protein recovery was low. No microtubules were visualised at 
any stage of the reassembly procedure using the conditions described 
for mammalian brain above. Raising the GTP concentration to 10mM, 
the EGTA to 5.0mM and replacing the MgSO ) with MgC12 at up to 5.0mM 
individually and in combination did not allow the visualisation of 
microtubules after raising the temperature of S.pombe extracts 
to 320  or 370C. On one occasion with the unmodified procedure 
structured aggregates were formed (figure 5.3), these were not 
comparable with rrdcrotubules prepared from brain soluble proteins 
or with published micrographs of tubules from yeast (McCully and 
Robinow 1971, Moor 1967) or other organisms (see Amos 1 975). 
Polyacrylamide gel analysis of fractions through the reassembly 
f 
Soluble proteins in MG buffer 
30 minutes 37 0C 
Centrifuge, 30 minutes, 90000 x G, 20 °C 
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30 minutes, Lt °C, fl 
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S2 	 p2 
30 minutes, 
37OCNN4 
Centrifuge, 30 minutes, 90000 x G, 20°C 
S3 	 p3 
Figure 5.1 
Flow sheet for in-vitro polymerisation of tubulin after the 
method of Borisr and coworkers [2.18a] (Borisy et al. 1975). 
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Figure S. 2 
5.6% acry1 -ld. SDS gela after the method of Fafrb.aka et a]. (2913b). 
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Figure 5 .3 
Negatively stained aggregated Material produced by the assembly 
of aolub].o proteins of s.po,,g, P 1 of the glycerol free procedure 
[2.18a], 1gnifioatian approK 44,000 tii.i. 
Table 5.1 
Brain without glycerol [2,18a] 
H3 S P1 S2 P2 S3 P3 
2070 1872 238 100 147 71 20 
S.pombe [2.18a] 
	
470 	48 	10.3 	7.2 	3.1 	5.4 	0.2 
is 
Brain with glycerol [2.18b] 
	
2070 1676 	462 	273 	171 	172 	65 
S.pombe [2.18b] 
	
479 	440 	14.6 	9.2 	5.1 	7.8 	0.8 
Protein content in mg protein by Lowry of fractions through the in-vitro reassembly of soluble proteins from 
mammalian brain and S.pombe. 
Si. 
of S.pombe soluble proteins demonstrated the presence of a tubulin-
like protein in the pellet after the first centrifugation step and 
in the supernatant after this fraction was cold dissociated 
(figures 5.4 and .5) which had the same mobility as the leading 
band of the triplet described in chapter 3. The protein composition 
of this reassembly pellet was found to be complex and highly variable 
between different experiments, particularly in respect to protease 
activity at 37° or for prolonged incubation at 32 °C. The yields 
obtained for this method with soluble proteins of S.pombe were 
consistently low, less than 1% of the total soluble protein was 
recovered after a single assembly/disassembly cycle (table 5.1). 
To attempt the further characterisation of assembly in S.Dombe 
extracts alternative procedures •f or the in-vitro polymerisation 
of tubulin were investigated. 
Tubulin polymerisation in the presence of glycerol. 
Mammalian brain soluble proteins were prepared in MG buffer 
and adjusted to 4.OM glycerol prior to incubation at 37°C, 30 
minutes. Polymerised rnicrotubules were pelleted by centrifugation 
(90,000 x g, 30 minutes, b°c), resuspended in one tenth the original 
volume of tfl buffer and held on ice for 20 minutes. Depolymerised 
tubulin was obtained as the supernatant from a second centrifugation 
step as before, adjusted to 4.0m glycerol, repolymerised by warming 
to 37 °C for 30 minutes and recovered by centrifugation (the method 
is described in detail in section 2.18b and outlined in the flow 
sheet, figure 5.6). This method gives an increased recovery of 
microtubule proteins (table 5.1) and is readily scaled up to handle 
larger amounts of tissue. ATP can be substituted for GTP in. the 
first assembly cycle of brain soluble proteins since there is an 
endognous transphosphoryiase activity (Jacobs et al. 1 974)   and 
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procedure [2.18b], 
1 
Soluble proteins in MG buffer with 4.011 glycerol 
130 minutes, 37 °C 
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Figure 5.6 
Flow sheet for the polymerisation of tubulin in soluble proteins 
with the addition of glycerol after the method of Shelanski et al. 
(1973), [2.18b]. 
52. 
so allow considerable savings in GTP. The final pelleted niicrotubules 
can be resuspended in 1VU buffer with 8.014 glycerol and stored at 
-20°C for several months without loosing their ability to. repolymerise 
on dilution with an equal volume of ED buffer and warming to 37 °C. 
The purification of brainitubulin by this method was demonstrated 
by SDS gel electrophoresis of fractions at successive stages 
(figure 5 , 7) and the presence of microtubuies confirmed by electron 
microscopy of negatively stained samples. i!icrotubules prepared in 
this way (figure 5.8) are indistinguishable from those described in 
the literature or prepared without the addition of glycerol. 
Soluble proteins from S.pombe were prepared and processed in 
the same way, no microtubuies could be observed at any stage of 
the assembly process either using the conditions described for 
mammalian brain or after modification of the experimental parameters 
as described for assembly without glycerol. The analysis of fractions 
by S]JS gel electrophoresis (figure 5.9) demonstrated the presence 
of a tubulin-like protein but the enrichment for this species was 
less convincing than that observed for the glycerol free system. 
There is a low critical concentration for tubulin polymerisation 
which has been reported to lie between 0.2 and 1 .0 mg/ml, for the 
brain protein depending on the method of preparation and the degree 
of purity; the higher figure represents the necessary concentration 
for total cytoplasmic extracts. The concentration of the yeast 
tubulin-like protein in total cytoplasmic extracts is certainly 
less than 1 .0mg/mi since this protein represents approximately. 
1 1 of the total soluble protein fraction and it is difficult to 
prepare the yeast fraction at more than 30 mg/mi. In an attempt 
to circuiivent this low protein concentration the "seeding" of 
cytoplasmic extracts from S.pombe with fragments of mammalian brain 
1 	2 	3 	4 	5 	6 	7 	8 
- 
40" WAMW 
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53. 
microtubules was investigated. This approach has been applied in 
other attempts to polymerise non-neuronal cell tubulins (Burns 
and Starling 1974, Snell et a].. 1974, Allen and Borisy 1974). 
Seeded polymerisation of soluble proteins of S.pombe. 
Soluble proteins of S.pornbe were prepared in MG buffer from 
cells grown for five generations on 1142 with 1 .OmCi/litre 
sulphate (Arnersham, U. K.) and ammonium chloride replacing arrimonium 
sulphate as nitrogen source. Half of the preparation was processed 
for reassembly with the addition of glycerol [2.18b]and the 
remainder with the addition of three times polymerised brain 
microtubules (final concentration 1 .2mg/rn]. brain proteins, 23 mg/ml 
yeast protein). The samples were incubated in parallel at 37°C 
for 30 minutes and polymerised material sediniented by centrifugation 
(90,000 x g, 30 minutes, )400. The pelleted material was 
resuspended in one tenth volume of M buffer and held on ice for 
20 minutes, Non-dissociated material was removed by centrifugation 
as above and the fractions analysed by SDS gel electrophoresis. 
Examination of the stained gels (figure 5.10) shows enrichment 
for the tubulin-like protein in the S.pombe sample similar to that 
described previously and this is confirmed by the radioactivity 
profile of sliced gels (figure 5 .11), The pelleted material from 
the mixed incubation was examined in the same way and found to 
contain, a labelled protein, which was resolubilised by cold dissociation 
cornigrating with brain tubulin (figure .12). There was insufficient 
pro te4.rL in the second pellet from the mixing experiment to permit 
electrophoretic analysis. The composition of the cold dissociated 
fraction after one reasembly cycle with and without added brain 
tubulin is comparable (figures 5.12 and .110. 
Figure 5  .10 
Densitometer trace from 6% acrylamide SDS gels [2-13b]. 
S.pombe total soluble proteins. 
S.pombe P 1 fraction from reassembly in the presence of glycerol 
[2.1 Ob]. 
S.pombe S2 fraction from reassembly in the presence of glycerol 
[2.1 8b]. 
brain tubulin purified by DEAE cellulose, chromatography. 
Figure 5.11 
radioactivity determination on sliced gels of figure 5.10. 
Figure 5.12 
6% acrylarnide SDS gel from mixed reassembly experiment fraction 
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The numerous studies of in-vitro polymerisation of tubulin that 
have been reported refer in the large part to mammalian brain 
tubulin (see reviews by Olmsted and Borisy 1973, Roberts 1974,   
Olmsted. et al. 1974,   Borisy et al. 1975). The experimental conditions 
used here for the soluble proteins of S.pornbe and in other studies 
on non-neuronal tubulins are based on those developed for brain 
tubulin. The failure of such studies to demonstrate microtubule 
polymerisation in cytoplasmic extracts of lower eukaryotes (Burns 
and Starling 1 97L, Farrell and Burns 1 975,   Bryan et al. 1975,   
Sheir-Neiss et al. 1976, Water and Kleinsmith 1976) may derive 
from either technical factors in the reassembly system* or differences 
in tubulins of neuronal and non-neuronal origin. 
No microtubules have been visualised in this study of soluble 
proteins from S.pombe after incubation under conditions effective 
for the polymerisation of brain tubulin, either with glycerol 
(Shelanski et al. 1973) or without glycerol (Borisy et al 1975). 
Variation of the experimental parameters as described has not 
permitted the visualisation of microtubule polymerisation in 
yeast preparations. There is evidence that the polymerisation of 
brain tubulin in-vitro is enhanced by the presence of a nucleating 
centre or ring structure (Borisy and Olmsted 1972), which would be 
removed from the soluble protein fraction by the preparative 
procedure [2.7]. Attempts to test this proposal by "seeding" the 
soluble protein fraction with the supernatant from the low speed 
centrifugation of the yeast homogenate failed to permit the 
visualisation of microtubules. 
Some information regarding the inability of tubulin from 
lower eukaryotes to polymerise in-vitro has been provided by other 
55. 
workers as noted above. Bryan and coworkers (summarised in Bryan 
et al. 1975)  have examined the in-vitro , polymerisation of sea 
urchin egg tubulin under a wide range of conditions and report 
that the soluble protein fraction not only fails to polymerise 
into microtubules but also inhibits-.the assembly of brain tubulin. 
This inhibition was found to arise through the sequestration of a 
heat stable protein, required for tubulin polyrnerisation, by 
polyanions present in the cytoplasmic extract of sea urchin eggs. 
-The inhibition was relieved by RNkse digestion of the soluble proteins 
of the sea urchin egg but this did not allow the direct polymerisation 
of the egg tubulin. Similar digestion of the soluble protein fraction 
of yornbe did not allow the visualisation of micro -tubules after 
incubation under polymerising conditions. 
Inhibition of brain tubulin polymerisation by soluble proteins 
of S.pombe was observed during the mixing experiments but has not 
been investigated in detail. An inhibition of brain tubulin 
polymerisation was reported for soluble proteins from Chiamydomonas 
(Farrell and Burns 197) and the inhibitory factor shown to 
copurify with the algal tubulin through colchicine affinity 
chromatography. The Chiamydornonas tubulin did not polymerise 
under conditions effective for mammalian brain and after extensive 
variation of these conditions. This was proposed to indicate that 
the algal tubulin was "inactive" in terms of polymerisation capacity 
and that the inhibition of brain tubulin polymerisation arose 
through the interaction of the two types of tubulin to form a mixed 
complex incapable of polymerisation. Since the inhibitory factor 
of the S.pombe soluble protein fraction is RNse resistant it 
may be that a similar effect underlies the inhibition of brain 
tubulin assembly but serious consideration of this possibility would 
6. 
require further characterisation of the inhibition effect. 
The absence of microtubule polymerisation in the soluble 
protein fraction of S.ponthe could also reflect the low concentration 
of the tubulin-like protein. The critical concentration for in-vitro 
assembly of brain tubulin in total cytoplasmic extracts has been 
estimated at 1.0mg/mi (Olmsted and Borisy 1973b). The concentration 
of the yeast tubulin-like protein is difficult to assess but the 
upper limit of the soluble protein fraction as prepared in this 
work is approximately 40 mg/ml, taking the estimate of 1% tubulin-
like protein from purification experiments (chapter 3) suggests 
0.4 mg/ml tubulin-like protein in the extracted proteins. During the 
reassembly procedure this concentration was increased by resuspending 
pelleted fractions in small volumes to give 1.0 - 3.0 mg/ml of 
the tubulin-like protein without allowing the polymerisation of 
microtubules as judged by electron microscopy. Thus the protein 
concentration of the yeast tubulin-like protein has been raised 
to the same order of magnitude as that required for brain tubulin 
polymerisation and, in accord with other studies on lower eukaryotes, 
failed to polymerise into microtubules under conditions effective 
for brain tubulin assembly. It seems possible then that the 
polymerisation of tubulin in-vitro reflects features other than the 
monomer concentration, perhaps some ttactivationfl of tubulin ( 
Kirsclrner et al. 1974, 1975, Farrell and Burns 1975) or the action 
of non-tubulin proteins (Weingarten et al. 1975). 
In summary , no microtubules have been observed after the 
incubation of soluble proteins of S.ponibe under a range of conditions 
effective for the polymerisation of brain tubulin. Structured aggregates 
observed on occasion do not compare with published micrographs of 
microtubuies from other organisms or with non-microtubular tubulin 
7. 
containingtructures (Jacobs et al. 197, Behnke 1975, Borisy 1970). 
Electrophoretic analysis of fractions through the reassembly of 
S.pornbe soluble proteins indicate a variable degree of enrichment 
for a tubulin-like proteinwhose distribution between fractions 
after "polymerisation and depolymerisation" compares with that of 
brain tubulin. In addition a yeast protein comigrating with brain 
tubulin on SDS gel electrophoresis appears to exhibit a limited 
amount of copolymerisation with brain tubulin under conditions 
promoting assembly of microtubules. This last feature is considered 
in more detail in chapter 8 in comparison with other similar 




11~yrosine incorporation by soluble proteins of mammalian 
brain and S.pombe. 
Introduction. 
The identification of the yeast tubulin-like protein presented 
in chapters 3 - is dependent ori the comparison of molecular 
weights of yeast proteins and brain tubulin by gel electrophoresis. 
Examination of total soluble proteins of S.pombe by this method 
(e.g. figure .9)  shows that a large number of proteins are present 
in the molecular weight range 50,000 - 60,000D and allowing for the 
inherent variability of determinations it is hardly surprising 
that a suitable candidate for the yeast tubulin can be found after 
column chromatography or in-vitro assembly. 
The positive identification of the yeast tubulin would require 
the examination of some more specific properties of the protein 
in comparison with brain tubulin. Eipper (1972) has shown that 
brain tubulin has a covalently bound phosphate residue coupled to 
the. beta polypeptide and these ob9(rations have been well documented 
(Kirschner et al. 1975 , Ohtsubo et al. 1975 , Eipper 1975). In 
addition in-vitro incorporation of labelled phosphate by brain 
tubulin has been demonstrated (Eipper 1974a, b), catalysed by an 
endogenous protein kinase (Goodman et al. 1970, Epper 1974a,b). 
There are also reports of non-covalently bound guanosine 
nucleotides in association with brain tubulin (Berry and Shelanski 
1971). Two moles of guanosine di- or triphosphate, one tightly 
bound the other freely exchangeable, have been found in association 
with the brain tubulin dimer (see Jacobs et al. 1974, Kobayashi 
197)3) and the function of these nucleotides in the polymerisation 
process is under study (Jacobs et al. 1975 b). 
59. 
While these properties of brain tubulin are well characterised 
and seem to offer more specific criteria for the identification 
of the yeast tubulin-like protein the experimental manipulations 
are restricted by the low yields of this material after purification 
and the contamination with nucleic acids. This contaniinantpolynucleotide 
renders the analysis for trace levels of guanosine or inorganic 
phosphate almost meaningless in terms of protein characterisation. 
A more applicable method for comparing the yeast and brain 
tubulins has been provided by the demonstration of 3H tyrosine 
incorporation by brain tubulin, in the presence of ATP, catalysed 
by an endogenous tyrosine ligase (Barra et al 197)4). Tyrosine 
was shown to become covalently bound to the alpha polypeptide on 
SDS discontinuous gels after in-vitro incubation of brain soluble 
proteins with labelled tyrosine. Similar observations have been 
reported by Raybin and Flavin 197). 
Tyrosine inc orporation by brain proteins. 
Total soluble proteins from mammalian brain were prepared in 
TX buffer, diluted 1:1 with TL buffer [2.20, 2.21] and incubated with 
311 tyrosine (lOuCi/rril) at 37 0C for 60 minutes.A sample of the 
cytoplasmic extract was stored at -20 °C for 24 hours and incubated 
in the same way. Incorporation was measured by TGk precipitation 
[2.22]. The fresh sample incorporated 40 1 000cpm/hour/mg protein while 
the aged material exhibited less than SOOcpm incorporation (figure 
6.1 curves B and C). Brain microtubule proteins prepared by 
polymerisation / depolymerisation [2.18c] assayed under the same 
conditions exhibited five times the incorporation of the total 
soluble protein fraction (figure 6.1 cuve A). The incorporation 
activity of these microtubule proteins stored in MG with 8.014 
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Figure 6.1 
Incorporation of 3H tyrosine (0.05u14) into brain proteins after 
60 minutes at 37°C. A, microtubule proteins stored at -20 °C in 
MG plus glycerol [2.18c]; 13, freshly prepared brain soluble proteins 
in TX buffer [2.20]; C, preparation as in B after storage at -20 0C 
overnight. Points represent the mean of triplicate determinations by 
TCJ1 precipitation [2,22]. 
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and the further characterisation of tyrosine incorporation 
described here has been performed on this material to provide a 
consistent reference point. 
The time course of tyrosine incorporation exhibited a charaleristic 
hyperbolic curve (figure 6.2) which reached a plateau value in 
60 minutes for concentrations of 3 H tyrosine up to 0.luM. At 
concentrations above this the curve continued to rise beyond the 
60 minute point but incorporation was found to increase linearly 
with tyrosine concentration up to 0,2u14 (figure 6.3). 
Incorporation increased with increasing protein concentration 
to approximately 1 . mg/ml (figure 6.4 B). Some of the deviation. 
above this concentration was found to be due to sample quenching and 
the count rates could be increased by digestion of the filters 
prior to scintillation counting [2.22] as shown in figure 6.4 curve 
A, but deviation from linearity was still evident. This effect 
was also found when proteins were passed through Sephadex G0 
equilibrated with half strength TL buffer to remove glycerol and 
other low molecular weight components of the reassembly buffer 
(figure 6.). Inhibition of tyrosine incorporation at high protein 
concentration was found to occur when samples were diluted prior to 
TCA precipitation and equal amounts of protein from were assayed 
from samples incubated at different protein concentrations. 
Direct assay of equal volume samples from tubes set up at increasing 
protein concentration exhibited a decrease in incorporation at 
2.0 nig/m.1 protein and above (figure 6.5). When aliquots from the 
tubes were diluted to give the same amount of protein in the filter 
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Figure 6 
Incorporation of 3H tyrosine into brain microtubule proteins at 
37°C, protein concentration 2.2mg/mi 3 tyrosine 0.1uN . Points 
represent the mean of triplicate assays by TCA precipitation [2.22]. 
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Figure 6.3 
Incorporation of 3H tyrosine by brain rn±crotubule proteins at 
37°C after 60 minutes. Protein concentration 2.2mg/mi. Points 
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Protein concentration mg/ml 
Figure 6 
Incorporation of 3H tyrosine (0.05u4) into brain microtubule proteins 
after 90 niinutes at 37 °C. Points represent the mean of triplicate 
assays by TCA precipitation. Open triangles, filters dried and counted 
directly; closed triangles filters digested prior to counting [2.22]. 
Figure 6. 
Incorporation of 3H tyrosine (O.OuN) into brain rdcrotubule 
proteins at 37 °C after 90 minutes. Points represent the mean 
of triplicate assays by TCA precipitation [2.22]. 
Figure 6.6 
Incorporation of 3H tyrosine (0.0uN) into brain microtubule 
proteins at 37 °C after 90 minutes. Points represent the mean of 
triplicate assays performed after diluting aliquots to 
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Characterisation of the tyrosine binuing protein. 
Brain rnicrotubule proteins were incubated with 31 tyrosine as 
before and the incubation mixture loaded onto a 30 x 1 .5cm column 
of Sephadex 0100 equilibrated in half strength TL buffer. The elution 
profile of the column (figure 6.7) was similar to that obtained for 
rnicrotubule proteins after incubation with 3H co].chicine (figure 6.8). 
The resolution of Sephadex G100 does not, however, permit the 
positive identification of tubulin as the binding species for 
tyrosine. 
icrotubule proteins were therefore incubated with 3 M 	 H tyrosine 
and fractionated on DEPE cellulose in PIAL buffer [2.8]. The elution 
profile (figure 6,9) was again comparable to that for the fractionation 
of tubulin bound 3  H colchicine (figure 14.1). 
Peak fractions from the DEAE cellulose column were pooled and 
concentrated prior to SDS gel electrophoresis [2.214]. The comparison 
of protein localisation by staining and of radioactivity in gel 
slices (figure 6,10) demonstrated coincidence of the 3H tyrosine 
label with tuhulin. 
Incorporation of 3H tyrosine by total brain cytoplasmic proteins 
or purified microtubule proteins can then be assayed by TcA 
precipitation and the covalently bound label shown to be attatched 
to tubulin by chromatography and by gel electrophoresis. These 
results are in agreement with those of Barra et al. (19714) and 
Raybin and Flavin (1975) and indicate that the incorporation of 
tyrosine can be used to characterise brain tubulin. 
Tyrosine incorporation by yeast soluble proteins. 
Yeast soluble proteins were prepared in TX buffer and incubated 
with 3H tyrosine as described above [2.20, 2.21]. Samples were 



















 I cj VN 




































































































































cpni x 10 per nil 
Figure 6.8 
Fractionation of brain microtubule proteins after incubation with 
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the assay background was observed. The protein concentration in the 
assay was varied from 5 - 140 mg/mi, the tyrosine concentration from 
0.01 - 0.2u4, incubations performed at 32 0  and 370C and the time 
course extended to three hours without producing an increase in 
incorporation. 
Yeast cytoplasmic proteins were prepared in 143 plus glycerol 
and assayed for tyrosine incorporation before and after"reassembly". 
Again no incorporation 	of label was detected after TCA precipitation. 
Since significant levels of 	tyrosine could have been present 
in the yeast soluble protein fraction the fraction was passed through 
Sephadex GSO equilibrated with half strength TL buffer and then 
assayed for tyrosine incorporation. The acid precipitable counts were 
indistinguishable from the assay background. 
Since the amount of tubulin-like protein in the yeast soluble 
protein fraction is low it is possible that the incorporation of 
tyrosine by the protein is below the limit of detection by TCA 
precipitation. To assay larger amounts of protein incubation 
mixtures were analysed by column chromatography. The incubation conditions 
were varied as described above, the ATP concentration raised to 
20mM and the buffer concentration (Tris) to 200mM. Routinely 
samples were assayed by both TCA precipitation and column chromatography. 
No detectable incorporation was observed by ion exchange (figure 
6.11) or gel exclusion chromatography (figure 6.12) or by TCA 
precipitation. 
Incorporation of tyrosine in yeast / brain mixtures. 
Soluble proteins were prepared from S.poirbe in 1i plus 
glycerol [2.1 8b] and increasing amounts of this fraction mixed with 
a constant amount of brain microtübule proteins. The mixed samples 











Figure 6.11 Fractionation of soluble proteins of S.pombe after 90 minute incubation at 32 0C with 





Figure 6.12 Fractionation of soluble p±'oteins of S.pombe after incubation with 3H tyrosien (open circles) 
on DEPE cellulose. 
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determined by TCA precipitation. Inhibition of incorporation by 
the addition of yeast soluble proteins was pronounced (figure 6.13) 
and was also found at lower protein concentrations even after 
removal of residual tyrosine from the yeast preparation by passage 
through Sephadex GSO (figure 6.14). 
Dis cussion. 
The covalent incorporation of 3 H tyrosine by brain tubulin in 
the presence of ATP, catalysed by an endogenous tyrosine ligase 
activity offers a novel and convenient method for the characterisation 
of the protein. The absence of similar incorporation by yeast 
soluble proteins, under the conditions developed for brain preparations 
and after extensive variation of the experimental parameters, may 
reflect a difference in the optima for the two systems or in the 
two tubuJ..ins. The incorporation of tyrosine by soluble proteins 
LLes 
of various mammalian organs is variable but kig 	in brain 
extracts ( Barra et al. 1 973). This may relate to the distribution 
of either tubulin or the tyrosine ligase activity and until the 
two have been resolved the relative merits of these possibilities 
cannot be judged. 
The interpretation of the negative results with soluble 
proteins from S.pombe is complicated by the inhibition of 
incorporation in brain preparations at high protein concentration. 
The inhibitory effect is more pronounced in partially purified 
microtubule protein preparations and probably does not reflect 
simple non-specific inhibition. The copurification of tubulin, 
tyrosine ligase and the inhibitory factor through the reassembly 
process [2.18c] suggests that the inhibitor is microtubule associated 
and is possibly a modified form of tuhulin. 
The absence of incorporation into soluble proteins of S.pombe 
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Figure 6.13 Incorporation of 3H tyrosine by brain microtubule 
proteins in the presence of S.pombe soluble proteins after 
incubation at 32 °C for 60 minutes. 
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Figure 6. 11 4 Incorporation of 3H tyrosine by brain rriicrotuhuie 
proteins in the presence of Spombe soluble proteins after 














may reflect the presence of a similar inhibitor or some difference 
in tubulin between this organism and that from brain. Support for 
the former proposal is provided by the pronounced inhibition of 
tyrosine incorporation into brain tubulin by the yeast soluble 
protein fraction. 
Further characterisation of 3H tyrosine incorporation into 
tubulin and tubulin-like protein requires the separation of the 
brain enzyme from the tubulin acceptor. Raybin and Flavin (1 97S) 
reported that the storage of brain soluble proteins in TX buffer 
allowed the decay of acceptor activity and that these "aged" preparations 
stimulated the incorporation into fresh tubulin prepared by reassembly. 
This stimulation was not detected when the method was applied to 
the microtubule protein preparation used here which exhibited 
similar activity with and without the addition of this "aged" 
fraction. The separation and purification of the brain tyrosine 
ligase would, however, allow examination of the yeast soluble 
protein fraction for acceptor activity. Unfortunately this separation 
has not been achieved. 
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Chapter 7. 
Preliminary immunological characterisation of brain tutulin. 
Introduction. 
The preparation of protein-specific antisera permits the 
rapid and convenient comparison of known and unknown proteins by 
imrnunodil'fusion (Ouchterlony and Nilsson 1973) and there are a 
number of techniques for measuring antigen amount (Weir 1973). 
The production of antibodies to brain tubulin could allow the 
comparison of this protein with the yeast tuhulin-like protein 
and, if sufficient cross-reaction to the yeast protein were found, 
would aid the assay of this species in crude cell extracts. A 
number of immunological studies of nicrotubule proteins have 
been reported. The bulk of these are relatively recent and the 
field has not been reviewed in detail (see chapter 8 for further 
discussion of this work). 
In addition to these studies on microtubule proteins there 
have been several recent advances in the immunology of contractile 
proteins. Antisera to actin (Lazarides and Lindberg 1974, Lazarides 
and Weber 1975), myosin (Uroeschel-Stewart 197 1 , Willingham et al. 
1 974, Hauser et al. 1975) and tropomyosin (Lazarides 1975) have 
been reported and have allowed extensive interspecies comparisons 
of these proteins. The production of antisera to brain tubulin 
could thus allow the comparison of this protein with the yeast 
tubulin-like protein and possibly permit the production of an assay 
for the yeast protein. 
Preparation of antigen and immunisation procedures. 
Since the specificity of an antiserum is related to the purity 
of the antigen used and the work of others (Bibiring and Baxandall 
1 97 1 ,  Ii'ulton et al. 1971 )  indicated a requirement for high levels 
of antigen, pig brain tubulin which could be produced in high purity 
with good yields has been employed as antigen in this work. Tubulin 
was prepared by DEkE cellulose chromatography in PMQ buffer [2.8] 
and fractions from the salt gradient containing low levels of other 
protein contaminant were pooled and precipitated by the addition 
of ammonium, sulphate to 0% saturation. The precipitate was collected 
by centrifugation (20,000 x g, 30 minutes), dialysed overnight 
against PPMG buffer and tubulin purified by DFAE cellulose chromatography 
by the method of Eipper [2,9]. Tubulin prepared in this way is 
better than 9 pure and no other distinct bands were observed 
when the protein was examined by SDS gel electrophoresis at loadings 
up to 50ug per gel (figure 7.1). 
For immunisation the lyophilised protein was taken up in 
20mM sodium phosphate buffer, pH 6.8, to the desired concentration 
and mixed with an equal volume of Freunds Complete Adjuvant. 
B..pertussis vaccine was added to give 10 10 pert.ussis per rabbit 
and the mixture emulsified by sonication. Immunisation was performed 
by subcutaneous injection, 0.25m1 of mixture per injection site. 
Booster injections were given by the same route without adjuvant 
or by intravenous injection without adjuvant (table 7.1). Rabbits 
were bled after sedation from the marginal ear vein and serum 
prepared by centrifugation (15,000 x g, 30 minutes) after retraction 
of the clot. This immunisation procedure derives from methods used 
in this laboratory for the production of antisera to serum proteins. 
Assessment of antisera by immunodiffusion. 
Sera were examined by double diffusion in agar and agarose 
gels by the method of Ouchterlony (Ouchterlony and Nlsson 1973). 
Details are presented in section 2.25, a range of gel buffers was 
examined in attempts to induce the formation of precipitin lines. 
Figure 7.1 
Densitoniter trace of .6% acrylarnides SD gel loaded with 6g 
of brain tuhulin purified for immunisation as described. 
Table 7.1 
Rabbit Inoculation Boosted Bled 
52 1 .0mg Thbulin died week 2 
53 1 .0mg tubulin 1 -0-mg week ) week 6 
week 10 
62 5 .0 mg lOOug week 12 week 6 
week 16 
63 .0mg died week 4 
64 2.tig lOOug week 12 week 6 
65 2.rig lOQug week 12 week 16 
week 20 




1 100ug SDS denatured lOOug week 4 week 8 
tubulin week 12 
week 16 
2 lOOug SDS denatured 100ug week 4 
tubulin 
Inoculation by subderrnal injection in complete Freunds Adjuvant 
with 10 B.pertussis per animal, 0.1rnl per site. 
Boosted intravenously without adjuvant. 
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Antisera were run against brain tubulin, brain soluble proteins, 
brain microtubule proteins in MG with 8.OM glycerol, soluble proteins 
from S.pombe and column fractions containing the S.pornhe tubulin-
like protein at concentrations from approximately 4.0mg/ml in 
decade dilutions to 1:10,000. No precipitin lines could be seenby 
direct examination of the plates after incubation at ), 20, 2 2  
or 37 °C for periods between one hour and two weeks. Plates were 
also obsred by protein staining after removal of free antigen and 
antibody by overnight diffusion against gel buffer [2.21. Again no 
evidence for antitubu]J4ntibody was found. 
The presence of SDS in the gel support or sample under test 
has been claimed to aid the formation of precipitin lines in the 
slime mould myosin / rabbit antimyosin system described by Hauser 
et al. (197). While the addition of SDS to the support medium has 
not altered the behaviour of any antisera produced here the addition 
of 0.1 SJJS to the sample gives rise to precipitin lines, particularly 
against the more concentrated sera. These lines are not, however, 
specific to tubulin containing preparations and appear when 
SDS is used at this concentration without protein.. This is in 
agreement with similar observations by other workers (Carey et al. 
197, Green et al. 1 975). To test for the possibility that the 
antisera had a low titre of antitubulirntibody I have examined 
the effect of refilling the central well with antiserum at intervals 
and concentrating the antiserum by ammonium sulphate precipitation 
{2.26]. Neither manipulation permitted the visualisation of precipitin 
lines. 
Frankel, P.R. (1976) Proc. Nat. Acad. Sci. 73 2798-80 
see 
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Assessment of antisera by imrnunofluorescence labelling. 
The demonstration of antibody activity in antisera prepared in 
this laboratory proved impossible by immunodiffu.sion. Variability 
in precipitating activity has been reported for other antitubulin 
sera (Weber et al 1975b)  and the antiserum to slime mould .myosin 
prepared by Hauser et al. (197). Both these preparations have, 
however, allowed the visualisation of intracellular antigen by 
indirect immunofluorescence and thus demonstrated antibody activity 
in the antisera. I have therefore examined the antitubulin 
antisera produced here for the ability to label intracellular 
fibres of tissue culture cells by indirect irrimunofluorescence using 
a fluorescein-tagged sheep antrabbit serum provided by Dr H.S. 
Mick?e!n. The method used [2.27] was that of Weber et al. (197a and b). 
Initial observations on virus-tranforrried cells failed to 
demonstrate antibody binding to cellular structures, which is in 
agreement with the report of Brinkley et al. (1975b).  Subsequent 
examination of rat myoblasts cultured in drops of Eagles JM as 
described by Weber (197) also failed to show binding of rabbit 
globulins to cellular structures with any degree of specificity 
in comparison with preimrnune rabbit serum controls. Similar 
testing of an antiserum to brain tubulin provided by Dr.  F. Frankel* 
showed localisation of fluorescence over nuclei and cell membranes 
but the serum failed to elicit precipitin lines against brain tubulin 
or yeast tubuiin-like protein on imrnunodiffusion. 
Thus the screening of antisera prepared in this laboratory 
by imrunofluoresce ace is in agreement with the immunodiffusion 
studios and suggests an absence of antitubulin antibody from these 
preparations. 
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Assessment of antisera by radioimmunoprecipitation. 
The visualisation of antibody-antigen interaction in 
immunodiffusion requires that one or both of the components be 
polyvalent in terms of binding sites to permit the formation of 
macroscopic aggregates. Assessment of non-precipitaing antibodies 
can, however, be achieved if the antigen can be labelled and a 
method for the separation of antibody-bound and free antigen is 
available. This is the basis of the radioimmunoassay technique 
(Hunter 1973) as applied to the measurement of N.egleria flagellar 
tubulin by Kowit and Fulton (1974b). 
To examine the possibility of generating a. similar assay 
for the tubulin-like protein of S.pombe antisera were raised to 
brain tubulin, available inhigh purity and amount, on the assumption 
that an antibody of sufficient avidity and cross-reaction could 
be found to assay the yeast protein. In this attempt the observations 
of Lazarides and co-workers on the increased antigenicity of SDS-
denatured proteins was examined (see Lazarides 1975). Rabbits 
were immunised with tubulin which was prepared as above and denatured 
by heating to 90°C for 2 minutes in 0.1% SDS (table 7.1). An 
aliquot of the denatured protein was labelled with 1 2SIodine 
[2.28] by a modification of the method of Hunter (1973). 
Antisera were tested for antibody activity by incubation 
with the labelled tubulin in the presence of rabbit pre-immune 
serum as carrier and the antibody-bound label separated from the 
free by the precipitation of rabbit globulins with goat anti-
rabbit globulin serum [2.28]. No significant precipitation of 
label over that for antibody free controls could be detected at 
dilutions of the labelled tubulin (stock 1.0mg/mi) down to 1:100,000 
using either the crude serum as obtained or after tenfold 
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concentration by ammonium sulphate precipitation. These sera also 
failed to demonstrate antibody activity in immunodiffusion or 
fluorescence labelling and would thus appear to have no antitubulin 
antibody activity. 
Analysis of other antitubulin antisera. 
1 1hile continuing in attempts to produce antisera to brain 
tubulin in the hope of obtaining antibodies capable of cross - 
reacting with the tubulin-like protein of S,pombe I was able 
to test antisera to Naegleria flagellar tubülin (provided by Dr. 
C. Fulton) and to sea urchin egg tubulin (provided by Dr. K. 
Fujiwara). 
No precipitin activity could be observed after diffusion of 
the anti--Naegleria antibody against soluble proteins from brain or 
S.pornbe, purified brain tubulin or column fractions containing the 
yeast tu'oulin-like protein. Processing of S.pombe to yield an 
acetone powder prior to protein fractionation (Kowit and Fulton 
1974a) did not allow the formation of precipitin lines. 
The antiserum to sea urchin egg tubulin also failed to give 
precipitin lines against protein fractions from S.porr -tbe although 
a weak reaction was observed against brain tubulin at high concentration, 
200ug/ml after three days at 37 0C in 1.2 agar buffered with PBS 
[2.2e]. 
Discussion. 
The production of antisera to brain tubulin was undertaken to 
attempt the comparison of this protein with the yeast tubulin-like 
protein. No suitable antisera have been prepared by the methods 
described here in that I have been unable to demonstrate antibody 
antigen reaction against the original antigen. There are several 
reports in the literature which indicate that antisera to tubulin 
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can be produced. Although there is some doubt as to the purity of 
the antigen used in some cases (Tamura 1971a,  Nagayama and Dales 1 970, 
Samson et al. 1 971) more recent studies have demonstrated the antigenicity 
of purified brain tubulin (Fuller and Brinkley 1 97L, Aubin et al. 
1976). 
The failure to demonstrate antibody activity in antisera 
produced here could derive from the failure of the immunisation 
procedure to elicit antibody production or from the methods used 
to test the antisera. This latter possibility has been examined by 
the application of a number of analytical methods relying on 
different features of antibody-antigen interaction. The most 
reasonable explanation for this inability to detect antibody 
activity in these sera is that these are either of very low titre 
or contain no antibody to the antigen employed. 
The immunisation protocol used initially is based on one 
used routinely in this laboratory for the production of antisera 
to serum proteins and may not therefore be the best possible for 
production of antibody to tuhulin. We have,however, varied the 
regime of inoculation and boosting (table 7.1) to encompass the 
range of antigen amount and intervals between boosting and bleeding 
the animals described in the literature. 
This topic is considered at some length in chapter 8, at this 
point it remains unclear why we have been unable to detect antibody 
to brain tubulin but the failure of the immunisation regime seems 




The discussion is in three parts: 
Confiteor, also in three parts: 
1.Mea culpa: relating to the purification of the tubulin-
like protein of S.ombe. 
ii. Mea culp: relating to the characterisation of the 
tubulin-like protein of S.pombe. 
Mea maxima cuipa: relating to the preliminary immunology 
of tuhulin. 
Credo 
Arexamination of the division protein model in the light 
of available information on tubulin and raicrotubules. 
Lavabo 
An appraisal of the division protein model in comparison 
with information on the control of cell division and 
consideration of some other means for testing the model. 
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A. 
This study was initiated in an attempt to provide 
biochemical characterisation of the "Division Protein" proposed 
as a regulator of cell division by Zeuthen and co-workers. 
While this scheme is only one of a number of hypotheses for 
the control of cell division it offers at least some clues to 
the biochemical nature of the molecular components involved. The 
correlation between the actual response of the oral apparatus 
.microtubules and the hypothetical division structure to 
metabolic shocks has been discussed earlier (chapter 1) and 
forms the basis for the consideration of the similarities 
between the micro -tubule subunit protein, tubulin, and the 
division protein. This rationale has been employed by other 
workers in the study of a number of cell types as discussed 
later. 
S.poihe. provides a suitable experimental organism for 
such investigations. The limited reports of rqicrotubules in 
this organism suggest that these structures function only in 
the process of nuclear division and from this one can extrapolate 
to propose that the cellular content of microtubule protein 
reflects only these division related microtubules. The organism 
is readily synchronised by a number of techniques (Mitchison 
1970, Mitchison and Carter 197) and is susceptible to the 
heat-shock synchronisation procedure described in chapter 1 
on which the model is based (Kramhoft and Zeuthen 1971,   
Polanshek 1973). 
As a prerequisite to the assay of the yeast tubulin some 
characterisation of the protein was required. This was attempted 
by comparing the characteristics of putative yeast tubulin with 
7)4. 
mammalian brain tubulin. Eukaryotic tubulins have been 
purified from a wide range of organisms and the properties 
of the protein are well documented. The literature relating to 
tuhulin and microtubules has proliferated at the same time 
and the field is now reviewed in whole or in part at least 
once a year (Olmsted and Borisy 1973, Wilson and Bryan 1974, 
Hepler and Palevitz 1974, Roberts 1974, Soifer 1 975, Borgers 
and de Brabander 1975). There are then a range of properties 
of tubulin which can permit the identification of the protein 
in novel situations. Some of the characteristics of the tubulin-
like protein of S.pombe have been discussed briefly in the 
preceeding chapters in relation to experimental procedures. 
A little reiteration of these observations is unavoidable in 
the following sections which compare these features of the yeast 
protein with brain tuhulin and tubulins from other lower 
eukaryotes. 
i. Preparation of tubulin-like protein from S..pombe. 
When soluble proteins of S.potnbe were fractionated by 
ammonium sulphate precipitation and DEPLE cellulose chromatography, 
enrichment for a protein of the same molecular weight as brain 
tubulin was observed (chapter 3). The final product from the 
yeast was found to he heterogeneous when compared with 
similar preparations from mammalian brain. Accepting the low 
tubulin content of S.pombe relative to brain, this heterogeneity 
must be tolerated if useful yields are to be achieved. I have 
been unable to detect the binding of 3H coichicine or colcemid 
to soluble proteins of S.pombe. The purification of the yeast 
tubulin has therefore relied on comparison with methods for the 
preparation of coichine-binding protein from brain and examination 
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of fractions for tubulin-like protein on the basis of gel 
molecular weight. 
The literature regarding preparation of tubulin-like 
proteins from lower eukaryotes by these methods is confused 
and incomplete. The results described here are similar to the 
report of Burns (1 0/73) although the purification described in 
this work is somewhat improved. Comparison with the reported 
purification of a tubüJin from Saccharomyces cerevisiae 
(Haber et al, 1972) is hampered by the lack of characterisation 
of this protein. The S.cerevisiae tubulin bound 3H colcernid, 
was retarded by DEPE cellulose at pH 6.8 and eluted at 0.514 
NaCl. The molecular weight of the colcemid binding protein was 
estimated at 110,000D on the basis of gel exclusion chromatography 
on Sephadi3x GiOO but no electrophoretic analysis was described. 
As discussed in chapters 3 and 14 no binding activity for 
colcemid could be detected in soluble proteins of S.pombe 
and I have been unable to repeat the observations of Haber et 
al. using the same strain of S.cerevisiae. 
A tubulin-like protein has been reported in the alga 
Saprolegnia ferax (Heath 1 975)   which exhibits low affinity for 
labelled coichicine and colcemid. The protein bound label eluted 
in the void volume after gel exclusion chromatography on 
Sephadex G75 and was retained by DEAE cellulose at salt 
concentrations up to 0.5M. The molecular weight of this species 
was described as "in excess of 75,000D by virtue of the exclusion 
chromatography but no further analysis of the composition or 
molecular weight of the binding activity was presented. A low 
molecular weight colcemid binding protein "of low R compared 
to brain tuhulin" has been reported for Acanthamoeba (Rubin 1971) 
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but any comment on this protein is restricted by lack of 
information as the work has only appeared in abstract. 
The presence of retarded, "protein-bound", label after 
incubation of soluble proteins with 3F1 coichicine or colcemid 
and fractionation on DEAE cellulose can arise through insufficient 
elution prior to application of the salt gradient and through 
the presence of radiochemical impurities capable of binding to 
the resin. Coichicine and colcemid are susceptible to light-
induced transformation reactions which can alter their 
chromatographic behaviour. In the cases above, and in the experiments 
described in chapter L, the fraction of the label retarded 
represents a proportion of the total comparable with expected 
radiochemical impurities. Haber et al. (1972) analysed their 
labelled colcemid by thin layer chromatography and report that 
the preparation was free from contaminating coichicine and 
iso-colcernid but the amount of label loaded onto the plate for 
analysis was not comparable with that employed in the protein 
binding experiments. There are other intracellular binding 
sites for coichicine and colcemid, distinct from tubulin, and 
of little relevance to the rnitostatic effect of these compounds 
since these binding sites exhibit a high affinity for lumicoichicine, 
a photoinactivated derivative of the parent alkaloid (Stadtler 
and Franke 1974). Notable among these non-specific sites is an 
avid binding activity for both colchidine and lumicoichicine 
in the microsome fraction which may explain some of the reports 
of coichicine binding activity after fractionation by gel 
exclusion. 
As outlined in chapter It there may be inhibition of the 
interaction of coichicine and colcemid with the yeast tubulin 
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by components of the yeast soluble protein fraction. Such 
inhibition could explain the protection of mammalian cells by 
low molecular weight components of yeast extracts described by 
Deysson (1968) and further investigated by Banerjee et al. 
( 1 972). These observations on the protection of cellular 
processes from the effects of coichicine and colcemid should not, 
however, he overemphasised as it is likely that the effect of 
riboflavin and nicotinamide is at the level of drug uptake or 
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metabolism (see Marguli7/1975 for a summary of this work). In 
the case of the soluble protein fraction of S.pombe any 
inhibition of colcemid or coichicine binding is either specific 
to the interaction with yeast tubulin, or present in low amount 
since mixing the yeast soluble proteins with those from brain 
did not inhibit binding to brain tubulin. 
This protective effect may, however, explain the resistance 
of S.po!ribe to colcepiid. Although Lederberg and Stetten (1970) 
describe the effect as antirnitotic the concentration of colcemid 
used, 	the inhibition of DNA, RNP and protein synthesis 
coupled with a 20% recovery of the cells on removal of the drug, 
suggests a rather less specific effect than an interaction with 
a microtubule subunit protein. Similar concentrations were used 
in the later investigation of cell cycle effects of colcemid on 
S.pombe (Stetten and Ledeberg .1973) which demonstrated inhibition 
of nuclear division and septation, although the cells subsequently 
failed to separate and stopped growing. 
There are no other positive reports of colcemid or 
coichicine binding proteins in lower eukaryotes. Negative results 
have been described for a number of species by Burns ( 1 973), 
for Chlanydomonas (Farrell 1974)   and for P}iysarum (Jockusch 
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1973 and pers. comm.). In addition there are no positive 
reports for colchicine or colcendd binding to soluble proteins 
of plant tissues (Heppler and Palevitz 1974) and a brief report 
of negative findings has been presented (Hart 1975). This 
disparity in comparison with animal tubulins may reflect a 
difference in the properties of the respective tubulins such 
that the binding constant for coichicine and colcemid is too 
low to allow detection of interaction by the procedures used. 
This might explain the high concentrations of these agents 
required to obtain antitubulin effects in lower eukaryotes 
(Flavin and Slaughter 1974, Lederberg and Stetten 1970, Deysson 
1968, Margulis et al. 1 975). 
ftr inability to detect a colcemi.d binding protein in the 
soluble protein fraction of S.pornbe is then consistent with 
these cytological studies. The other studies above indicate that 
this apparent absence of colcemid binding activity is also 
found in organisms with a higher tubulin content and is not 
simply a result of the low amount of the yeast tubulin. 
ii. Characterisation of the yeast tubulin-like protein. 
In-vitro assembly of microtubules from brain extracts 
has provided the most convincing means of characterising tubulin 
but this technique has not, however, proved successful in 
other systems. icrotubule assembly in-vitro of non-neuronal 
tubulin has been reported for only a limited number of other 
cell types; renal medulla (Barnes et al. 1975), and platelets 
(Castle and Crawford 1975). In-vitro polymerisation in surf-clam 
egg extracts has been described by Weisenberg and Rosenfeld 
(1975a) to produce microtubules but this has been successful only 
in low speed supernatants. Rebhun et al. (1975) have reported 
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the polymerisation of sea urchin egg tubulin on the basis of 
viscosity measurements but no electron microscopic studies 
were presented. 
I have not been able to demonstrate microtubule assembly 
from the soluble protein fraction. of S.pombe but electrophoretic 
analysis of fractions taken through the ttreassemblyt? procedure 
indicates enrichment for a yeast protein of similar molecular 
weight to brain tubulin. This observation is comparable with 
studies on Ch1atydomonas (Farrell and Burns 1 975) where 
amorphous aggregates containing a protein of the same electrophoreti6 
mobility as brain tubulin were observed after the. in-vitro 
assembly of the soluble protein fraction from this organism. 
The sedimentation of 35 S labelled protein from S.pombe 
with brain tubulin after coincubation under polymerising 
conditions also suggests the presence of a yeast tubulin. This 
approach has been applied to other lower eukaryotes. Proteins 
of 55,000D and 61,000D were observed to sediment with brain 
tubulin after mixed incubation with soluble proteins of 
Aspergillus nidulans (Sheir-Neiss et al. 1975). Brain tubulin 
ran as a rnonodisperse species of 57,000D on the SDS/urea gels 
used. On discontinuous gels the Aspergillus heavy component 
condgrated with the brain alpha polypeptide while the light 
component ran ahead of the brain beta polypeptide. This data 
was taken to indicate the presence of a dimeric tubulin in 
Aspergillus capable of copolymerisation with brain tubulin. In 
the absence of data on the polymerisation of Aspergillus 
proteins alone the validity of this conclusion is uncertain. 
Water and Kleinsmith (1976) have processed 3 S labelled 
soluble proteins of S.cerevisiae through.. two cycles of reassembly 
by adding brain tubulin at each polymerisation step. Sedimented 
protein analysed by discontinuous gel electrophoresis demonstrated 
the presence of a doublet band of labelled protein comigrating 
with the brain alpha / beta doublet. Again no data relating to 
the in-vitro polymerisation of the yeast soluble proteins in 
the absence of brain tubulin were presented and no other 
electrophoretic analysis was performed. Mixed polyrrierisation of 
35 labelled proteins of Chlamydomonas with brain tubulin 
gave no more assembly of labelled protein over that observed 
in the unsuppleniented extract (Farrell and Burns 1975). The 
soluble protein fraction of Chlamydornonas was moreover found 
to inhibit the assembly of brain tubulin and this was proposed 
to derive from interaction of "inactive" tubulin from 
Chiarnydomonas with the polymerisation competent brain tubulin 
so as to prevent polymerisation. 
The soluble protein fraction of S.pombe contains several 
polypeptides of the same approximate molecular weight as brain 
tubulin on SDS gels. The sedimentation of of proteins from the 
yeast with brain tubulin after reassembly of the same electrophoretic 
mobility cannot alone be taken as proof of their similarity to 
the brain protein. I have tried unsuccessfully to resolve this 
yeast protein into two components by discontinuous gel electrophoresis 
as a further means of comparison with brain tubulin. Although 
I have been unable to obtain the same degree of separation of the 
two brain polypeptides described by others (see Wilson and 
Bryan 1 97)4) the splitting of the brain tubulin has been 
observed. The yeast protein has not been observed to split under 
any of the conditions described in the literature and as noted 
above no distinct microtubules have been found after in-vitro 
polymerisation of yeast soluble proteins. Thus if this protein 
does represent the yeast, tubulin it is distinctly different from 
brain tubuLin in terms of molecular composition and polymerisation 
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activity. 
Since the yeast tubulin-like protein prepared by DEAE 
cellulose chromatography also fails to resolve into two 
polypeptides on discontinuous gels and does not bind colchicine 
or colcemid some difference in characteristics between this 
protein and brain tubulin are to be expected. The low yields 
obtained in the preparation of the S.pombe tubulin by assembly 
and chromatography has precluded the comparison of the two 
species. One possibility that has been explored, peptide 
mapping, has met with considerable technical difficulties. 
While the brain tubulin fingerprint can he readily obtained by 
1
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trypsin digestion of 25 Iodine labelled protein and autoradiography, 
the production of sufficient amounts of yeast/protein in high puY 
specific activity is difficult. 
Mammalian tubulin has been shown to bind 3 11 vinbiastine 
(Wilson et al. 1975), but this property is not easily irwestigated 
as the labelled compound is not commercially available except 
as a custom tritiated service. Incubation of brain tubulin with 
vinblastine in-vitro has  however, been used in the preparation 
of the protein which forms a complex precipitate in the presence 
of the alkaloid ('Iarantz et al. 1 969, Wilson and Bryan 1 974). 
Incubation of S.oibe soluble proteins with 1 _2  -1 
vinbla.stine does induce protein precipitation but the composition 
of the sedimented proteins is the same as that of the total 
soluble protein fraction. This compares with other reports of 
the lo•i specificity of \riflbla bine precipitation in non-
neuron--A. cell extracts (Wilson et al. 1 970). It appears that the 
induction of tuhulin paracrystals, as achieved by in-vivo 
incubation with vinbastine (Bensch et al. 1968), can only 
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obtained in-vitro with purified tubulin (Bensch et al. 1969) or 
in cytoplasmic extracts from systems with a high tubulin 
content (Olmsted et al. 1970). Similar lack of specificity 
was apparent when soluble proteins of S.pombe were precipitated 
by the addition of Ca or Mg ion (weisenberg and Tirriasheff 1970) 
although the recovery was very low . Thus the purification of 
the yeast tubulin could not be improved by ion-induced precipitation 
as has been described for tubulin from mammalian thyroid 
(Bhattacharrya and Wolfe 1974). 
The central assumption underlying this approach has been 
that the tubulin of S.pombe might exhibit properties analagous 
to those of other tubulins. The overall negative nature of the 
results obtained with soluble proteins from the yeast may indicate 
that this reasoning is unsound. Tubulins prepared to date from 
a range of organisms (see reviews above and Bloodgood 1976) do, 
however, appear to be similar and it is possible that the low 
amount of the yeast tubulin together with the complexity of 
the total soluble protein fraction obscures any significant 
purification. These factors have also hindered the examination 
of the yeast tub.ulin-like protein in relation to more specific 
properties of brain tubulin. It has not been possible to 
assay the purified yeast protein for coválently bound phosphate 
(Eipper 1 972, 197) or for associated guanosine nucleotides 
(Berry and Shelanski 1971, Kobayashi 1974, Jacobs et al 1 975b) 
due to the combination of low yield and contaminant polynucleotide. 
In the search for a means of characterising the yeast 
tubulin I have investigated the incorporation of 1-I tyrosine by 
yeast soluble proteins in the light of the reported tyrosine 
ligase activity described for soluble protein preparations of 
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brain extracts (Barra et al. 1974). While the role of this 
modification of the protein in-vivo is unknown and no other similar 
activity has been described the ATP driven incorporation of 
tyrosine by brain tubulin has been well characterised by Barra 
and co-workers (see Barra et al. 1974  for earlier references) 
and by Raybin and Flavin (1975). The activity can be readily 
assayed in small samples of soluble protein and the localisation 
of the incorporated label established by gel electrophoresis. 
While the application of this method successfully 
showed that brain tubulin was brain tubulin, no significant 
incorporation into soluble proteins of S.pombe could be' detected. 
The tyrosylation' of brain tubulin is catalysed by an endogenous 
tyrosine ligase, which in my hands copurifies with microtubules 
after in-vitro assembly. The absence of incorporation into 
yeast soluble proteins prepared directly and by "reassembly" may 
reflect the absence of a similar enzyme in S.pombe. Alternatively 
there may he insufficient yeast tubulin-like protein for 
detection by this method, or this protein may not incorporate 
tyrosine. Distinguishing between these possibilities requires 
the further characterisation of the reaction in brain and the 
separation of the enzyme from tubulin. 
The biochemical evidence for the presence of a tubulin-
like protein in S.pomhe is inconclusive. While proteins of 
molecular weight similar to brain tubulin can be prepared by 
methods shown to effect the purification of brain tubulin it 
has not been possible to provide sufficient characterisation 
of these proteins to allow positive identification of the 
yeast tubulin or the comparison of the yeast proteins prepared 
by different methods. 
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iii. Immunological characterisation of tubulin. 
A training in old fashioned biochemistry is a useful 
background for research into cellular problem. . An appreciation 
of the advances that have been made as a result of the patient 
application of almost chemical techniques does, however, breed 
a certain stubborness which leads to the persistent application 
of such techniques to the exclusion of all else. The realisation 
that the characterisation and quantitation of the yeast tubulin 
might be achieved by other means came late to me, although 
others had tried to lead my stubborn feet in the right direction. 
The application of immunological methods to the characterisation 
of proteins has provided information in systems beyond the 
limits of resolution of biochemical analysis and where the 
purification of sufficient amounts of protein for direct 
analysis is not readily achieved (Dales 1 972,   Kowit and Fulton 
1974b, Weir 1973). A number of antisera to tubulins have been 
described and their application has provided useful information 
regarding the properties and functions of both tubulin and 
microtuhules. 
Dales and co-workers have prepared rabbit antisera to 
tubulin purified from mammalian tissue culture cells by in-vivo 
vinblastine paracrystal formation (Nagayama and Dales 1970). The 
protein composition of the isolated material was not analysed 
by gel electrophoresis and a contaminan*TPase activity was 
present. This heterogeneity of the antigen influences the 
interpretation of subsequent results. The antiserum was found 
to cross-react in immunodiffusion with soluble proteins extracted 
from a niniber of mammalian cell lines and from other organisms 
down to the level of the insects Antibody / antigen interaction 
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in fixed mitotic cells was examined by ferritin labelling; 
decoration of the mitotic spindle, nuclear pores, centrioles and 
annulate lamellae was observed (Dales et al. 1 973). This 
binding of antibody to non-microtubular structures may derive 
from contaminating antibody to non-tubulin protein in the 
antigen preparation. Non-microtubular tubulin aggregates have, 
however, been described in sea urchin eggs (weisenberg and 
rosenfeld 1975b) and the derivation of annulate lamellae from 
tubulin has been inferred from the action of antitubulins 
in-viva (de Brabander and Borgers 1975). Thus it is possible 
that the application of immunological techniques has produced 
results that are ahead of the biochemical information available 
in relation to the localisation of tubulin in-vivo. 
Fulton et al. (1971) used flagellar axonems from sea urchin 
sperm as an antigen in rabbits. The resultant antisera gave 
three distinct lines in imniunodiffusion against extracted 
flagellar proteins and the major band was found to cross- 
react to purified flagellar tubulin. Similar cross-reaction 
to tubulin from a number of echinoid species was also reported 
but no other species were tested. A similar three component 
antiserum was produced in rabbits in response to immunisation 
with microtubules from sea urchin sperm (Bibring and Baxandall 
1971) and again the major antibody activity was found to be 
directed to tubulin by irnrnunodiffusion against purified protein. 
Rabbit antisera to Tetrahymeria ciliary tubulin cross-
reacted in imnìunodiffusion with extracts of cilia, oral apparatus 
and mriacronucleus of this organism (Tamura 1971a).  The antibody 
was fluorescein conjugated and used for direct imnumofluorescence 
examination of fixed cells and isolated cellular particulates. 
Evidence for the labelling of microtubular elements in the 
rriacronucleus and oral apparatus was presented but in the 
absence of controls for non-specific binding of both antibody 
and ferritin these observations must be treated with caution. 
The direct visualistion of antibodies hound to isolated 
ciliary axonenies by electron microscopy was also reported but 
the micrographs of fuzzy structures do not lend themselves 
to unambiguous interpretation. Tamura (1971b) has used this 
antiserum to measure the cellular content of antigen by 
iramunoprecipitation of 3 H labelled cell extracts and reports 
0.1 - 0.2% of total soluble protein as "nuclear microtubule 
protein". No variation in the synthesis of antigen could be 
detected in the post heat-shock recovery period but it is. 
doubtful if the method is capabl of sufficient resolution 
to allow much emphasis to be placed on this observation. 
Tubulin prepared by in-vitro vinblastine precipitation 	. 
from total brain soluble proteins has been used as an 
antigen in rabbits (Samson et al, 1971). The antisera produced 
cross-reacted in immunodiffusion with brain tubulin prepared by a 
DFE cellulose batch procedure and with total brain soluble 
proteins, while little cross-reaction to similar fractions 
from other mammalian organs was found. A significant cross-
reaction to brain particulate.niaterial, notably to synaptic 
vesicles, was described (Twomey and Samson 1972) but antisera 
to this particulate fraction did not cross-react with brain 
tubulin. These results were interpreted to indicate the presence 
of membrane associated tubulin but the conclusions must be 
treated with caution in the absence of information regarding the 
protein composition of the antigen preparation. The specificity 
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of vinblastine precipitation in-vitro is suspect (Wilson et al 
1970, Wilson and Bryan 1974) and it is possible that the cross-
reaction to synaptic vesicles derives from contamination of the 
original antigen preparation. 
Tubulin, prepared by DEAE cellulose chromatography from 
rat brain and ascites cells, has beenused as an antigen in goats 
(Donges and Roth 1972).  The two antisera cross-reacted with the 
alternative tubulins and with tubulin from calf and pig brain. 
The antisera were also observed to induce the precipitation of 
protein-bound 3H coichicine from total brain cytoplasmic 
extracts. These anti-sera appear, on the basis of the limited 
data presented, to be among the best produced to date but have 
yet to be further exploited. 
The antiserum prepared against sea urchin sperm tail outer 
doublets by Bibring and Baxandall (1 971) has latterly been used 
for indirect imrnunol'luorescence labelling of fixed mitotic cells 
(Weber et al 1975a). cytoplasmic microtubules, sensitive to 
colchicine and low temperature, were observed by fluorescence 
microscopy and in the mitotic spindle of dividing cells. 
Immunofluorescence labelling of in-vivo induced vinblastine 
paracrystals has also been .reported and the antiserum shown to 
cross-react with brain tubulin in immunodiffusion (Weber et al. 
1975b). These studies have been briefly reviewed by Weber 
(1975). The specificity of the labelling studies is convincing 
considering the heterogeneity of the antigen preparation and 
the resultant antiserum. 
Brain tubulin purified to homogeneity by successive 
cycles of in-vitro assembly and subsequent gel exclusion 
chromatography was cross linked with glutaraldehyde and used 
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as an antigen in rabbits by Fuller and Brinkley (197L). The 
antisera obtained were fractionated by tubulin affinity 
chromatography to yield monospecific antitubulin antibody which 
was used in indirect irimunofluorescence as above (Fuller et al, 
1 975 ). cytoplasmic microtubules, sensitive to colcemid and low 
temperatures, were observed in fixed mammalian cells. Fewer 
cytoplasmic microtubules were present in mitotic cells although 
these had numerous spindle microtiibules (Brinkley et al.197a). 
Examination of virus transformed cells by this technique 
indicated a very low number of cytoplasmic microtubules but 
the addition of dibutyryl cyclic AIIV with caffeine or theophylline 
to the culture rëdium produced an increase in the number of 
microtubules in these cells (Brinkley et al 1975b). 
A further demonstration of immunofluorescence labelling 
of microtubules in-situ has been provided by Aubin et al. (1976). 
Antisera were raised to reduced and denatured brain tubulin 
purified by elution from SDS gels by a modification of the method 
described previously for muscle proteins by Lazarides and co-workers 
(see Lazarides 197 for references). This antiserum has a 	- 
rather novel property in that the addition of the antibody to 
brain soluble proteins in-vitro enhances the colchicine 
binding activity of these preparations. 
While these studies have contributed to the understanding 
of in-vivo microtubule function the techniques described could 
not be directly applied to S.pomhe. I have, however, attempted 
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to use immunofluorescence localisation%as a means of testing 
antisera raised in this laboratory to brain tubulin. The 
imrnunologiôal studies described in chapter 7 were performed in 
an attempt to compare the tubulin/from mammalian brain with 
that from S.pombe (compare Dales 1973) and to try to measure 
the yeast protein by radioimrnunoassay (Hunter 1973). 
This proposed application of antibody as a quantitative 
reagent was stimulated by the work of Kowit and Fulton (1974a 
and b). Naegleria gruberii flagellar tubulin was purified from 
an acetone powder after removal of membranes with detergent and 
used as an antigen in rabbits. A small quantity of the protein 
was further purified by SDS acrylamide gel electrophoresis, 
labelled with l25Iodine and employed in a radioimmunoassay for 
the flagellar antigen in cell extracts of synchronously 
differentiating amoebae. By this method it was possible to 
demonstrate a fifty fold increase in the amount of this antigen 
concomitant with the appearance of flagellated cells. 
Mr attempts to generate a similar assay for brain tubulin 
have not been successful. Comparison of this method of characterising 
antisera with the other methods used, immunodiffusion and 
immunofluorescence, indicates an absence of antibodies to 
brain tubulin in antisera prepared here. This has precluded the 
comparison of tubulins from S.pombe and brain. Similar 
comparison using the antisera to Naegleria flagellar tubulin 
described above and an antiserum to sea urchin egg tubulin 
(provided by Dr K.J. Fujiwara) failed to demonstrate cross-reaction 
with proteins from S.pombo and mammalian brain. 
Some discussion of the results obtained with our own 
antisera and those provided by other workers has already been 
presented in chapter 7. In surnmary,it has not been possible 
to compare protein fractions from brain and Lp2mibe as no 
antisera capable of producing precipitin lines with the brain 
antigen have been available. The quantitation of the tubulin 
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antigen from either species has also proved impossible as no 
antisera capable of binding the brain antigen have been produced. 
The immunological characterisation of tubulin is, however, 
worth pursuing and there are now several reports of the 
successful production of antitubulin antisera. The value of 
this approach is discussed at a later point in this chapter 
with respect to further investigation of the diviion protein 
model. The,6verall conclusion at this point must he that this 
foray into immunology, when it cane, was too little and too 
late to permit the effective comparison of the yeast tubulin 
with that from other sources. 
B. Tubulin and the division protein model. 
This examination of the tubulin of S.pombe was initiated 
tp provide a basis for the comparison of the hypothetical 
division protein with a known protein in dividing cells. Since 
the characterisation of the yeast protein has met with 
difficulties and no suitable means of measuring the amount' -.of 
this species in S.pombe has been found this re-examination of 
the division protein can only be achieved by considering data 
from other cell types-Fortunately there has been a proliferation 
of information on tubulin and microtubules which renders this 
exercise highly profitable. 
The details of the division protein model have been 
refined over a period of several years to accomodate improved 
experimental observations (Zeuthen and Williams 1969,   Zeuthen 
and Rasmussen 1 972, 1 ,1itchison 1971, Sudbery and Grant 1976). The 
current formulation of the model, shown diagramatically in 
figure 8.1, requires the synthesis of three components; A, B 
and X. At least two of these, A and 13, are proteins whose 
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continuous synthesis is necessary for the assembly of a 
metastable intermediate, shown as stage 2. This intermediate 
structure is considered to undergo subunit exchange with the 
monomeric components and to represent the target for the various 
physiological perturbations described in chapter 1, whose effect 
is shown as reaction iv. The stabilisation of the structure 
occurs through the aggregation of these metastable elements 
to yield the completed structure, shown as stage 3. The 
• extent of the damage incurred as a result of physiological 
shock treatments is not specified and it is proposed that 
breakdown to an intermediate degree of aggregation is possible 
(stage )4). An alternative scheme in which only one of the two 
protein species is incorporated into the final structure while 
the other performs a catalytic role has also been described. 
This formulation derived from consideration of the 
developing oral apparatus. The proteins represent the monomers 
for the formation of the microtubules and filaments of the 
subpellicular network and the X component the basal body of 
the oral apparatus cilium (Zeuthen and Williams 1969). This 
formulation can readily be compared with the mitotic spindle 
if X is taken to represent kinetochores and polar microtubule 
organising centres and the subunit proteins the monomers of the 
spindle microtubules. The two protein species could thus represent 
tubulin and the high molecular weight proteins or tubulin and 
proteins required for the control of assembly and function of 
the mitotic apparatus. 
The sensitivity of microtubules in-vitro (!eisenberg 1 972,   
Borisy and Olmsted 1972) and in-vivo (i.ieber 1 975, Brinkley et 
al, 1975 a and b) to low temperatures is similar to that 
proposed for the division protein (Zeuthen and Rasmussen 1972). 
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Microtubules in-vitro also exhibit sensitivity to increasing 
temperatures (Olmsted and Borisy 1973b) similar to that proposed 
for the division protein structure. High hydrostatic pressures, 
which induce division synchrony in Tetrahyinena (Zimmerman 1969, 
Zimmerman and Lawrence 1975) cause depolymerisation of microtubules 
in-vivo (Salmon et al. 1976) and in-vitro (Salmon 1975b). 
Comparison can also be made between the products of the dissociated 
division structure (stage )4) and the species observed after 
depolyrnerisation of microtubules in-vitro (Kirschner et al. 1974, 
Borisy et al 1974, 197). Cold depolymerised microtuhules have 
been found to undergo repolymerisation on warming with slower 
kinetics after storage at 4 0C (Gaskin et al. 197)4). This "memory", 
which decays at the low temperature may be analagous to the more 
rapid recovery of Tetrahymena, seen as escape divisions during 
prolonged heat-shock treatments (Zeuthen and Rasmussen 1972), The 
memory presumably reflects the decay of the ring form intermediates 
described in chapter 5,, although such extrapolation to the in-vivo 
situation must be treated with caution as there are no studies 
implicating these ring forms outwith the in-vitro work on microtubule 
assembly described above. 
Partial depolyrnerisation of microtubules in-vitro by the 
action of high hydrostatic pressure has been described although this 
effect appears to be variable (O'Connor et al, 1974, Salmon 1 975a,b) 
and some stabilisation of the tubules by low molecular weight 
compounds is claimed to occur. A similar variability of response 
has also been described for spindle microtubules in-vivo which appear 
to fail into classes of pressure sensitivity reminiscent of the 
stabilisation proposed for the division protein structure 
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(Zeutheri and Williams 1969). 
Using information derived from studies of in-vitro 
Polymerisation of brain tubulin it is possible to construct 
a modified division protein model. This scheme, shown in figure 
8.2, has twoprotein components; t, considered to represent the 
tubulin dimer and A, a protein or group of proteins required for 
the control of the polymerisation process. As presented, the 
assembly of tubuliri derives from the action of this A component 
which is itself incorporated into the polymer. This accomodates 
the observations of Sloboda et al. (1975) on the enhancement of 
assembly by the high molecular weight proteins and the fibrous 
decoration of microtubules polymerised in-vitro in the presence 
of this fraction (Dentler et al. 1975, Murphy and Borisy 1 975).  
A requirement for activation of some component of the structure 
is introduced to explain the effect of physiological shocks and 
the transition point.. The nature and substrate for the activation 
process are open. to speculation. As shown here the substrate is 
the tubulin dimer (compare Farrell and Burns 1975) and the 
modification may reflect the phosphorylation of tubulin as 
described by Eipper (1972, 1 975) which is proposed to characterise 
tubulin in the ring form aggregate (Kirschner et al 1 975). The 
role of the activated intermediate (stage 2) in the formation 
of the completed structure (stage 3) may reflect either the 
initiation of high polymer formation or both initiation and 
elongation (Erickson 1975, Olmsted et al. 197)4). The stabilisation 
effect may derive from the interaction of other proteins as 
described for flagllar doublet microtubules (Link 1976, Warner 
1 976) or the action of the microtubule organising centres 
(Salmon et al. 1976). 
9. 
	
Cell division 	 Stoniatogenesis 
x[(tO.A] x 3 nra 
(t').A + t ' a 
3P 
A 	A 





Modified division protein model incorporating current information 
on tubulin polymerisation. 
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The effect of physiological shocks and protein synthesis 
inhibitors (reaction iv) is shown as a reversal of the activation step 
(reaction iii) but there are other possibilities where a 
portion of the activated intermediate (stage 2) is not removed. 
The susceptibility of this activated species is proposed to derive 
from a high turnover of the activating enzyme, A, coupled with 
instability of the activated tubulin, t'. Elevated temperatures would 
directly increase the degradation of A and t', while low temperatures 
and high pressures would produce breakdown of the activated intermediate 
(stage 2) and oligomers of this fraction. Consideration of the nature 
of the products of this breakdown is complicated by the observation 
of escape divisions during prolonged heat-shock treatments (Zeuthen 
and Rasmussen 1972) which may reflect either the partial disruption 
of the pool of activated species or the aberrant division of 
Tetrahymena without a functional division structure described by 
Williams and Williams (1976). Age dependent excess delay could then 
reflect the degradation of an increasing pool of activated tu'oulin 
in the form of this aggregated structure (stage 3) and the transition 
point the time at which the assembled mitotic apparatus becomes 
stahilised. 
This stabilisation effect may derive from further modification 
of the protein subunits of the polymer or from interaction with 
other cellular components. The microtubules of the division 
stucture, and of the oral apparatus may be similar to other stable 
microtubuies as observed in cilia and flagella by virtue of their 
interaction with other proteins (Link 1976, warner 1976). The 
presence of such proteins in the mitotic apparatus has been demonstrated 
in a number of cases (Forer 1 974, 'McIntosh 1974, Bajer et al. 
1975)   and a stabilising action of kinetochores and polar microtubule 
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organising centres reported in relation to pressure studies (Salmon 
et al. 1976). 
It must be stressed that this model is speculative in that the 
biochemical considerations derive almost exclusively from studies on 
brain tubulin polymerisation in-vitro at high protein concentration. 
The nature of the proposed activation reaction in particular is 
poorly defined and although there is evidence for the role of GTP 
in the polymerisation of brain tubulin in-vitro ( Borisy et al. 
1974,   1 975) the function of the guanosine nucleotides and the trans-
phosphorylase is still under investigation (Jacobs et al 1975). 
There is in addition good evidence for the phosphorylation of 
brain tubulin (Eipper 1972, 1975) but the localisation of this 
phosphoryiated species in the ring structures (Kirschner et al 
1975) has not been confirmed to date. Other covalent modifications 
of tubulin, tyrosyion (Barra et al. 1974, Raybin and Flavin 
1975), substitution with carbohydrate (Margolis et al. 1972) 
and variation in the reduction of su.lphyryl residues (Kuriyama and 
Sakai 1974, Mellon and Rebhun 1976) must be considered as possible 
candidates for the activation reaction. 
Studies on tubulin amount and synthesis in dividing cells and 
during the formation of microtubular structures in-vivo. 
The formation of the oral apparatus of Tetrahymena has been 
found to exhibit behaviour analagous to the hypothetical division 
protein; development is sensitive to metabolic shocks and pulses of 
protein synthesis inhibitors up to a transition point similar to 
that for cell division (Williams 1964,   Nelsen 1970, Williams 1975). 
The requirement/of protein synthesis for the continued development 
of the oral apparatus has been examined in non-growing cells 
(Williams and Nelsen 1973) where it was found that more than 90 
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of the prelabelled tubulin was reutilised during regeneration 
in the presence of a cold chase. While this regeneration could rely 
on a supply of precursors from the old, regresslng,mouth structure 
and so explain the low level of de-novo tubulin synthesis similar 
results were obtained for the regeneration of somatic ciliature after 
mechanical shearing (Nelsen, Ph.D. thesis, University of Iowa; 
cited in Williams 197). Less than 10% tubulin synthesis was 
detected after radiolabelling and purification of the protein by 
gel electrophoresis. The bulk of the tubulin for the regeneration of 
the oral apparatus and the somatic ciliature was proposed to derive 
from a cytoplasmic pool,present in growing and non-growing cells, 
which is utilised in the development of new microtubular structures 
(Williams 1 975). This concept is in agreement with i'adioautographic 
studies on the developing oral apparatus in synchronised cells 
(Zeuthen and Williams 1969). Since there is a requirement for protein 
synthesis in these systems, and not for tubuJi.n synthesis, this 
was proposed to reflect the need for "regulator" proteins necessary 
for the development of microtubular structures. This may be compared 
with the A protein in the model above (figure 8.2). 
Tetrahyena tubulin has also been assayed by the immunoprecipitation 
of in-vivo labelled cytoplasmic proteins by Tamura (1971b) who 
reported a constant rate of synthesis and "assembly into insoluble 
structures" during the recovery period after the heat-shock regime. 
This can be fitted to the proposed model (figure 8.2) if the controlling, 
discontinuous element, is considered to he the A protein and that 
tubulin synthesis is indeed continuous but these data are suspect 
in view of the nature of the antigen preparation and the method 
employed as discussed earlier. 
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Stephens 0 972, 197/ has shown that the size and birefringence 
of the sea urchin egg mitotic apparatus is correlated with the growth 
temperature and has interpreted these observations as reflecting the 
size of the precursor pool. Demonstration of a pool of tubulin in sea 
urchin eggs prior to fertilisation has been provided by measurements 
of coichicine binding activity and by vinbiastine precipitation 
of racLiolabelled cell proteins (Raff et al. 1971, 1972, 1975). 
An elegant demonstration of the tubulin pool in sea urchin 
eggs has been provided by Sluder (1976) who has shown that the 
removal of tubulin from this pool by the action of colcemid, 
added before or after fertilisation, gives rise to the production of 
a rriitotic apparatus of reduced length and birefringence. The recovery 
of both these parameters after photoinactivation of the intracellular 
hound colceinid confirms the i nte relationship between birefringence 
and tubulin polymerisation provided by indirect measurements 
(Stephens 1973) and by in-vitro polymerisation of tubulin onto 
isolated mitotic spindles (Cande et al. 1974, Snyder and McIntosh 
1976, Inoue et al. 1974). 
1')hile these observations in protozoa and sea urchin would 
seem to indicate a passive role for the tubulin component of 
microtubular structures the large number of functions performed 
by microtubules in these cells, and in eukaryotic ells in general, 
must be remembered (Kennedy 1969, Roberts 1974). The presence of a 
sustantial pool of tubulin with 	a regulator for the control of 
assembly is compatible with the presence or development of complex 
microtubular organelles for feeding and motility in these organisms. 
The presence of such regulators has been inferred to explain the 
temporal and spatial development of the sea urchin mitotic apparatus 
(Weisenberg and Rosenfeld 1975a and b) and the various microtubular 
organelles of some protozoa (Tucker 1 971 )'. 
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In contrast to these studies, direct estimation of the 
flagellar tubulin of Naegleria (Kowit and Fulton 1974 a and b, 
Fulton and Kowit 1975) showed that this protein was synthesised 
de-novo during the differentiation of the amoeboid form to 
the flagellated form. Almost all the flagellar tubulin was synthesised 
although there appeared to be a substantial pool of tubulin 
derived from mitotic spindles in the non-motile cells. This was 
proposed to reflect either some difference in the two types of 
tubulin or a strict compartmentaion of the two species of tubulin. 
There are a number of reports of the tubulin content of 
dividing mammalian cells. Forrest and Klevecz (1972,. Klevecz and 
Forrest 1975) have described peaks of tubulin synthesis in S and 
of chinese hamster ovary cells, coincident with peaks of 
colcicine binding activity, with significant degradation of tubalin 
occuring in early S. Similar synthetic patterns have been reported 
by Noland et al. () although the peaks of tubulin synthesis 
coincided with similar peaks of total protein synthesis. Increase in 
colchicine binding protein immediately. after mitosis in preparation 
for the next mitosis has been reported for cultured Hela cells 
(Robbins and Shelanski 1969). A two to three fold increase in 
colchicine binding activity was observed in regenerating liver 
coincident with the peak of mitotic index (twrence and Wheatley 
1974). Again these results can be fitted to the modified division 
protein model (figure 8.2) but the interpretation is complicated 
by the range of cellular functions performed by rriicrotubules in 
higher cells (see Soifer 1975) which precludes the correlation of 
tubulin content with mitotic activity alone. 
The modified division protein model presented here can thus 
be correlated with some of the available information regarding 
cyclic patterns of tubulin synthesis but since these results have 
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been employed in the construction of the model the argument is 
rather circular. The model makes predictions as to the synthesis 
and assembly of tubulin, and to the synthesis and activity of 
"regulator" proteins which are difficult to test in these higher 
systems where micro -tubules appear to function in such a wide 
range of cellular phenoniea. This brings the discussion full cycle 
back to L22mbe which would appear to provide an admirable subject 
for testing these predictions since the organism seems to 
employ microtubules only in nuclear division and is amenable to 
the heat-shock synchronisation procedure. This simplicity of 
function in S.pombe may, however, be of questionable value as th 
argument is based on a limited amount of ultra s true tural information 
(McCully and Robinow 1971), extrapolation from similar observations 
on S.cerevisiae (Robinow and Marak 1966, Moor 1967, Byers and Goetsch 
1973, 1 97S), and the insensitivity of the yeast to antitubulins. 
C. 	Other systems for the control of division. 
i. 	"Division proteins" 
A casual perusal of the literature may suggest that tubulin is 
the only cellular protein under study and having chased the protein 
for three years does lead to narrow mindedness. The division protein 
may,however, not be tubulin, several other proteins have been 
described in the mitotic spindle, and an alternative control element, 
the regulator protein, is proposed above. 
Logically, one looks for a division protein in a division 
related structure, the mitotic apparatus. There is an extensive 
background of information on this structure summarised in reviews 
by Bajc-r and Mole-Bajer (1972) and Kubai (1975). A number of 
explanations for the movement of chromosomes at anaphase have 
been presented. The motive force has been suggested to arise 
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from the polymerisation and depolymerisation of the spindle 
microtubules (Inoue and Sato 1967), from the relative sliding of 
continuous and chromosomal microtubules through the action of dynein---. 
like proteins (McIntosh et al. 1969), through the "zipping and 
unzipping " of the two types of microtubule by the transient formation 
of interrnicrotubule bridges (Bajer 1973) and by microfilament / 
microtubule interaction (Behnke et al 1971, Forer.'l 97t). All 
these schemes involve microtubules and can be inferred in support of 
the modified division protein model presented above. The controlling 
element, however, may be one of the accessory/proteins or even 
some feature of the microtubule organising centres as discussed earlier. 
A case for actin as the division protein can be constructed 
from the observations of Behnke et al. (1971) as expanded in a short 
review by Forer (1974). Interaction of microfilaments and microtubules 
has also been inferred from structural studies on microtubules 
( Roberts 1974, Amos 1975). Microfilaments have been described in 
the formation of the cleavage furrow (Schroeder 1973) and thus there 
is an example of an actin derived division structure. These proposals 
are speculative although the pattern of synthesis of nuclear actin, 
and its intracellular localisation in relation to the cell cycle 
in Physaruin (reviewed by Jockusch 1973) is comparable with the 
predicted behaviour of the division protein. The immunofluorescence 
localisation of actin fibres (Lazarides and Weber 1975), myosin 
(Hauser et al. 1 975, Fujiwara and Pollard 1976) and tropomyosin 
(Lazarides 1975) has been described and must soon allow the examination 
of the role of these proteins in the mitotic apparatus. 
The controling element of the division protein model may not 
be integrated into the finished structure, thus the analysis of 
the protein composition of the mitotic apparatus may not provide 
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an identification of this species. Several groups of workers have 
attempted to analyse total cellular proteins by a needle in the 
haystack approach in the search for proteins undergoing periodic 
synthesis which might represent contol elements. Most of this work 
relates to proteins involved in the replication and condensation 
of DNA (Spalding et al. 1966,   Fox and Pardee 1971, Salas and Green 
1971, Ley 1975) or in the transition of resting cells to active 
proliferation ( Rovera and Baserga 1 971, Becker and Stanners 1972) 
and are outwith the period of action of the division protein. 
Other proteins exhibiting periodic synthesis in G2 have been detected 
by double labelling techniques (Kolodny and Gross 1969). 
Synchronous cells are pulse labelled with an amino acid and 
proteins from these cells mixed with those from an asynchronous 
population labelled with the same amino acid marked with a different 
radionuclide; the proteins are then fractionated , usually by gel 
electrophoresis and periodic synthesis detected as a variation in the 
radionuclide ratio. 
One can only speculate as to the nature and properties of these 
periodically synthesised proteins. They can be fitted into the division 
protein model but the exercise is not very profitable in the 
absence of information as to the nature of the proteins. It is 
possible to formulate criteria for the identification of "division 
protein" and to analyse the total soluble protein fraction for 
suitable candidates. This has been described for Tetrahymena 
(see Watanabe et al 1969) as described in chapter 1 but the results 
have proved difficult to repeat (Lowe -Jincie and Zimmerman 1967, 
reviewed in Zimmerman 1969) and no characterisation of the protein 
has been reported. 
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ii. Low molecular weight division regulators. 
Other molecular species have been proposed as regulators of 
cell division. A considerable.-amount of information on cyclic 
nucleotides and their relation to the control of ecU division has 
been summarised in reviewqby Rasmussen (1970) and Pastan et al. 
(1975). While the role of these compounds may relate more to the 
switching function that regulates the transition of resting or 
quiescent cells to the actively dividing state (Froehlich and Rachmelter 
19711, Bannai and Sheppard 1974, Barnettet al. 19711) some evidence for 
an effect of cyclic AMP on the division rate of active cells has 
been presented. by Wolfe (1973). This study on dividing Tetrahyriena 
showed an age-dependent excess delay in synchronised cells in 
response to pulse treatments with caffeine, an inhibitor of the 
cyclic nucleotide phosphodiesterase, reminiscent of the heat shock 
effects described in chapter 1. 
Consideration of cyclic nucleotide levels as a control per-se 
can be extended to correlate these variations with effects on 
microtubules. Cyclic AMP has been reported to enhance the in-vitrot 
of tubulin (Goodman et al. 1 970) and of one of the high molecular weight 
proteins (Sloboda et al. 1 975). This latter reaction has been 
claimed to be sensitive to both cyclic ATT and GMP so that the 
phosphorylation of this component could be modulated by the relative 
levels of the two cyclic nucleotides (Sandoval and Cuatrecassas 
1976). Cyclic AMP has been shown to stabilise microtubules in-vivo 
(Kirkland and Burton 1972) and a relationship between cyclic 
nucleotides and microtubule assembly during changes in cell shape 
(Borman et al. 1 975, Willingham and Pastan 1975) and secretory 
activity (Gillespie 1975) has been reported. 
These proposals can be related to studies on the role of Ca 2+ 
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as an intracellular regulator both in i-solation and in conjunction 
with cyclic nucleotides. Interest in the mitogenic effects of Ca 2+  
has been stimulated by the availability of specific ionophores 
which have allowed the demonstration of stimulation of division in 
a number of' cell types (Steinhardt and Epel 1 97b, Duff us and Paterson 
1974, Luckasen et al. 1974). The effect of intracellular calcium 
on division may be mediated in a number of ways in view of the 
complex dependency of metabolic processes on Ca 
2+  (Rasmussen 1970) 
but in the present context the observations on a calcium dependent 
ATPase during the early divisions of sea urchin eggs are interesting 
(Mazia et al. 1972, Petzelt 1972). It is possible to tie all these 
ends together by proposing that microtubule assembly, into the 
division structure, is regulated by the concerted influences of 
cyclic nucleotides and Ca 2 ; these in turn being controlled by the 
action of membrane bound cyciases and soluble phosphodiesterases 
so that the division activity of the cell would be responsive to 
both external and internal influences. A calcium dependent cyclic 
nucleotide phosphodiesterase has been described for mammalian 
brain (Wolff and Ero'rn 1 974)   although the relationship between 
Ca2 , cyclic nucleotides and microtubule polymerisation in brain, if 
one exists, is not clear. 
Thus while there are other candidates for the control of division 
these can be grafted onto the modified division protein model 
(figure 8.2). This probably owes more to laxity in the formulation 
of this scheme than any fundamental part that it may play in the 
regulation of cell division. 
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iii. Proposals for further study. 
The division protein lives on, albeit with some modifications, 
and can be made to fit new observations. The problem with the scheme 
is that it makes limited predictions which are difficult to test 
experimentally. While this work was in progress other models for the 
control of division have appeared (Kauffman 1 97!, Smith and Martin 
1974, Fantes et al 1975) and some of the older models have been 
refined and updated (Fantes et - al. 1975, Sudbery and Grant 1975). 
Some of these schemes now seem ripe for biochemical investigation 
in relation to cyclic nucleotides and Ca as the techniques for 
this are now available (Takai et al, 1974,   Duffus and Paterson 1975). 
Alternative approaches to the examination of the division 
protein model are also worth considering in view of the success of 
genetic analysis of the cell cycle in bacteria (Donachie et al 
1973), S.cerevisiae (Hartwell 1974), Spombe (Nurse 1975, Nurse et 
al, 1976), and mammalian cells (Liskay 1974, Smith and Wigglesworth 
1974), The use of conditional mutants has proved quite enlightening 
although the results obtained are often of a rather intangible 
nature. The combination of genetic and biochemical analysis might, 
however, provide more concrete information on the nature of the 
regulators of cell division. 
For the division protein model one feels a certain affection 
and some respect for its longevity. However, cold appraisal 
suggests to me that such a "division structure", as inferred from 
gross cellular perturbations, may not be of great significance 
in governing the division activity of unperturbed cells. The model 
provides an explanation for the effects of these shock regimes but 
alternative reasons for the synchronisation effect, based on 
the disruption of intermediary metabolism (Scherbaum 1957), 
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protein synthesis (Kiemperer and Rose 1974), and enzyme. synthesis 
(Taylor 1963) are available. 
The cornerstone of the division protein model is age-dependent 
excess delay. If one views the progress of a cell through the cell 
cycle as a process of differentiation towards a more complex metabolic 
state then the direct effect of these physiological shocks could be 
the result of disruption of these metabolic processes. Thus if the 
cell prior to division has reached a state where the number of 
pathways functioning, or the interelation of these metabolic 
processes, has increased there is a simpler basis for the observed 
delay curve. 
If it is desired to continue the search for the division protein 
there are,as before two possible approaches. Firstly the needle in 
the haystack method; where one looks for protein or proteins 
synthesised periodically in the appropriate part of the cell cycle 
of synchronously dividing cells and compares this with similar 
observations on cells escaping from the heat shock regime. This 
may be achieved by double labelling techniques (Kolodny and Gross 
1969, Wain 1971, Becker and Stanners 1972, Shulman et al. 1973, 
Ley 1975) which become more attractive as the resolution of-protein 
fractionation methods improves. One is, however, left with the 
problem. of identification and characterisation if a suitable candidate 
is found. 
Secondly, the needle in the haystack with a magnet approach; 
as proposed here in the examination of the tubulin of S.pornbe. 
The approach and choice of organism I would continue to defend 
but I would hesitate over the choice of protein to follow. It 
should be possible to follow the pattern of synthesis of any 
protein by immunoassay (Hunter 1973, Kowit and Fulton 1974b) 
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if suitable antisera can be prepared. As a means for the purification 
of the yeast tubulin is available and techniques for the production 
of antisera to small amounts of protein eluted from SDS acrylandde 
gels have been described (Lazarides 1975, Lazarides and Weber 1975, 
Lazarides and Lindberg 1974,   Aubin et al. 1976) this could form a 
starting point. Production of antisera to yeast and brain tubulins 
would allow the comparison of the two proteins. Even given the 
pessimistic answer, no similarity, an antibody of high affinity for 
the yeast tubulin would still permit measurements to be made of 
protein amount in dividing cells and this is equally true for the 
mammalian system. Thus at least/brie candidate for the division protein 
could be examined in a logical manner. 
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Appendix 1. 
Composition of minimal media. 
Quantities are expressed per litre of medium. 
Glucose (log), ammonium sulphate (5g), di-sodium hydrogen phosphate 
(1-8g), potassium phthalate (39). 
Salts: 
Potassium chloride (1.0g), magnesium chloride (0,g), calcium 
chloride (10mg). 
Vitamins: 
Inositol (10mg), nicotinic acid (10mg), calcium pantothenate (1 .0mg), 
biotin (bug). 
Trace elements: 
113B03 (O.Smg), Mn30.H20 (O,Limg), ZnS01 .7H20 (0.tmg),FeCl3 06I-i2 
(0.2mg), H2 1111n0.1120 (0.16mg), 1(1 (0.1mg), CuSo.SIi 2o (0.04mg), 
citric acid (1.0mg). 
Vitamins were store as 1,000x concentrate and trace elements 
as 10 3 000x concentrate with a few drops of volatile preservative 
added, this was removed prior to addition to the remainder of the 
medium components by boiling briefly in a small volume of distilled 
water. 
Minim-al 1iedium 2 (42) is the same as the 1.11 above with the 
substitution of 49g/litre glucose. 
Media were autoclaved at 110°C for 12 minutes. 
126. 
Appendix 2. 	- 
Protein assay. 
Samples (lOOul) containing cellular particulates were incubate at 
32 0C overnight with an equal volume of 2% sodium deoxycholate, 
1 .OM sodium hydroxide. The sample was then mixed with 1 .Oml of 
CuT1 below. Soluble proteins were assayed directly by mixing 100u1 
samples with l.Om]. of CuT2. 
Folin Ciocalteau (BrH) was used at 1:1 dilution, lOOul per assay 
and incubated at room temperature for 90 minutes . The reaction 
was measured as O.D. 595nm against a calibration curve of bovine 
serum albumin. 
CuT1: 14% sodium carbonate (SOml), 2% sodium potassium tartarate 
(1 .Oml), 1% copper sulphate (1 .Oml), distilled water (0ml) 
CuT2; is the same as CuT1 except that the distilled water is replaced 
with 0.2M sodium hydroxide (0ml). 
